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Multi-b-value diffusion
stretched-exponential model
parameters correlate with MIB-1
and CD34 expression in Glioma
patients, an intraoperative MR-
navigated, biopsy-based
histopathologic study
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Background: To understand the pathological correlations of multi-b-value
diffusion-weighted imaging (MDWI) stretched-exponential model (SEM)
parameters of a and diffusion distribution index (DDC) in patients with glioma.
SEM parameters, as promising biomarkers, played an important role in
histologically grading gliomas.

Methods: Biopsy specimens were grouped as high-grade glioma (HGG) or low-
grade glioma (LGG). MDWI-SEM parametric mapping of DDC;500, 01500 fitted by
15 b-values (0-1,500 sec/mm?and DDCsgo0 and oisooo fitted by 22 b-values (0-
5,000 sec/mm?) were matched with pathological samples (stained by MIB-1 and
CD34) by coregistered localized biopsies, and all SEM parameters were
correlated with these pathological indices pMIB-1(percentage of MIB-1
expression positive rate) and CD34-MVD (CD34 expression positive
microvascular density for each specimen). The two-tailed Spearman's
correlation was calculated for pathological indexes and SEM parameters, as
well as WHO grades and SEM parameters.

Results: MDWI-derived o500 negatively correlated with CD34-MVD in both LGG
(6 specimens) and HGG (26 specimens) (r=-0.437, P =0.012). MDWI-derived
DDCj500 and DDCsggg Negatively correlated with MIB-1 expression in all glioma
patients (P<0.05). WHO grades negatively correlated with oy500(r=-0.485;
P=0.005) and o5000(r=-0.395; P=0.025).
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Conclusions: SEM-derived DDC and o are significant in histologically grading
gliomas, DDC may indicate the proliferative ability, and CD34 stained
microvascular perfusion may be an important determinant of water diffusion
inhomogeneity a in glioma.

KEYWORDS

glioma, diffusion magnetic resonance imaging, stretched exponential model, biopsy,
intraoperative navigation

1 Introduction

Gliomas are the most common primary malignant central
nervous system cancer, accounting for 80%-85% of malignant
brain tumors (1), being highly aggressive and having the highest
mortality and morbidity. The current standard of care treatment for
glioma is maximal safe surgical resection followed by radiation
Despite the
mainstream multimodal treatment, the median survival of most

therapy and concomitant chemotherapy (2).

malignant glioblastoma patients has only improved to
approximately 15 months (3), and less than 10% survive for over
five years (4). According to the 2021 World Health Organization
(WHO) criteria, gliomas are classified as grades I-IV (5), with
different molecular subtypes and histopathology; these intrinsic
subtypes showed different prognoses and outcomes (5). There
exists a remarkable disparity in clinical treatment and prognosis
between the different grades of glioma (3, 6). Thus, the preoperative
differential diagnosis is essential for therapeutic decisions and
determining the prognosis of patients with glioma.

MRI is the main workhorse for the evaluation of intracranial
glioma (7). Modern diffusion MR protocols can acquire the
diffusion data in a reasonable operating time and visualize the
brain tissue in vivo at the micrometer scale. In a recent survey from
Europe, beyond dynamic contrast enhanced (DSC)-MRI (67.6%),
diffusion MRI (82.0%) was the most frequently used quantitative
MR imaging technique in clinical neuroradiological practice (7). As
yet, the apparent diffusion coefficient (ADC) from mono-
exponential DWI, as an imaging biomarker, is the most
frequently used diffusion parameter for tumor differentiation and
monitoring of treatment efficacy (8). However, the mono-
exponential model is susceptible to the microcirculation of blood
in capillaries with inherent limitations in measuring the non-
Gaussian distribution of water molecules. Le Bihan et al. (9)
proposed the biexponential intravoxel incoherent motion (IVIM)
DWI model with its aim to allow separation of molecular water
diffusion from microcirculation, and to facilitate glioma differential
diagnosis as well as identify the subtype of IDH mutation in gliomas
(10). Moreover, there is evidence that the water molecular diffusion
heterogeneity index (o) of the stretched exponential model (SEM)
exhibits higher differential diagnosis sensitivity (92.9%) and
specificity (100%) in grading glioma (11). Similarly, Zhang et al.
also found that o showed the highest grading efficacy of glioma in
their studies (12). Besides, there is evidence that diffusion
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distribution index (DDC), the other parameter from the SEM, is
valuable in differentiating high-grade glioma (HGG) from low-
grade glioma (LGG) compared to ADC (13). Chen et al. also
suggested that DDC showed the highest sensitivity and specificity
for glioma grading (14). Although the clinical values of various
diffusion MRI models have been well proved in glioma
differentiation by many researchers, few studies have explained
the underlying histopathological significance under
these parameters.

Tumor histopathology is the golden standard for the evaluation
of glioma malignancy. According to the WHO guidelines, the
following histological criteria were used to grade gliomas:
cytological atypia, mitotic activity, cellularity, microvascular
proliferation and/or necrosis (5). Mitotic activity is helpful in the
distinction of grade II and grade III gliomas, whereas microvascular
proliferation may suggest high-grade gliomas of grade III or grade
IV (5). Some well-known ancillary markers of grading gliomas, such
as anti-MIB-1/Ki-67 and anti-CD34, are closely related to tumor
cell proliferation and microvascular density (5, 15). Anti-CD34 is a
marker of vascular endothelial cells with high sensitivity and
specificity of small and large vessels in both normal and tumor
tissue (15). Furthermore, quite a few correlation studies have
proved that DWI-related parameters are the potential non-
invasive surrogates of histopathologic indexes, such as tumor cell
density (16) and proliferative activity (17). Over the past decade of
clinical research, IVIM-DWI derived parameters may
simultaneously reflect tumor histology of microvessel density
(MVD) or the percentage of MIB-1 expression positive rate
(pMIB-1) both in humans and animals (18). Meanwhile,
VERDICT MR with multiple b-value diffusion technique has been
developed to reflect cell size (19, 20). However, although SEM-DWI
derived parameters with the best differential performance (with
highest AUC value of 0.968) in the differentiation of grades IIT from
IV (14) for DDC and with the highest AUC of 0.993 in the
differentiation of HGG and LGG (11) for heterogeneity index o,
under which the exact correlation with histopathological
biomarkers has rarely been reported (14).

However, due to not an exact match of tumor specimen and
delineated tumor region of interest (ROI) on DWI images, prior
studies’ correlation results have inherent limitations in identifying
the DWI parameters as imaging biomarkers, which do not
necessarily correspond to regions manifested on MRI images.
Thus, the method of using the spatial location of each biopsy

frontiersin.org


https://doi.org/10.3389/fonc.2023.1104610
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Wang et al.

target based on a scanning coordinate system in an MR unit should
be employed to improve the accuracy of the correlation study (21).
This study correlated histopathological indexes with SEM-DWI
parameters based on an intraoperative MR-navigated neurosurgical
biopsy by a scanning coordinate system matching histopathological
indexes and imaging parameters in gliomas.

2 Article types

Retrospective diagnostic study performed at one institution

3 Materials and methods

This retrospective study was approved by the institutional
Ethics Committee of our hospital.

3.1 Participants

Subjects were eligible for our study if they were diagnosed with
cerebral gliomas by histopathological biopsy and ineligible if they
had any other types of tumors or any treatments before. Twenty-
one glioma patients (fourteen males and seven females, 10-65 years
old, 30-80kg) were respectively enrolled from July 2014 to January
2017. All patients underwent multi-b-value DWT examination with
22 b values from 0-5,000 sec/mm?), followed by MRI-guided
stereotactic biopsy and/or surgical resection. Participants were
classified two groups (LGG and HGG) according to the WHO
classification, randomization group method was not used in
this study.

3.2 Image data acquisition

All patients underwent imaging using a 3T MR imaging unit
(Discovery MR 750; GE Medical Systems, Milwaukee, Wis) and an
eight-channel head coil (GE Medical Systems). The protocol of MR
examination included the following sequences: axial TIWI (TR/
TE:3195ms/24ms; Matrix: 256x256; section thickness (ST)/gap:
4mm/0 mm), T2WI (TR/TE:9185ms/108ms; matrix: 256x256; ST/
gap: 4mm/0 mm), T2 fluid-attenuated inversion recovery (T2-
FLAIR) (TR/TE: 9491ms/140ms, Matrix: 256x256; ST/gap: 4mm
or 2mm/0 mm), and 3D TIWI with gadolinium-enhanced (3D-
T1C) (TR/TE: 8.2ms/3.2ms, Matrix: 256x256; ST/gap: 1mm/0 mm).

TABLE 1 Main MRI sequences and parameters.

10.3389/fonc.2023.1104610

MDWI sequence was performed by using a single-shot echo-planar
sequence in the axial plane, (TR/TE:4000ms/90.6ms, ST/gap:4mm/
0 mm, field of view of 24cm, and matrix of 128x128 with total 22 b
values from 0 to 5000 sec/mm? (0, 10, 20, 30, 50, 100, 150, 200, 300,
400, 500, 600, 800, 1,000, 1,500, 2,000, 2,500, 3,000, 3,500, 4,000,
4,500, and 5,000 s/mm?, NEX increases with the b value, set from 1
to 4) in three diffusion directions. Total acquisition time is 7 mins.
Scanning parameters are presented in Table 1.

3.3 iMRI-navigated biopsy

Each patient underwent a stereotactic puncture biopsy using a
navigation system (Medtronic StealthStation i7 Integrated
Navigation System; Canada). The region of interest (ROI)
(“biopsy target”) was chosen by consensus of a neurosurgeon and
a neuroradiologist with 15 and 13 years of experience, respectively.
ROI for puncture was selected on 3D-T1C when the glioma showed
noticeable enhancement or T2-FLAIR was selected when the tumor
showed little or no enhancement. Each ROI was located in a solid
part of the tumor, with dimensions of 10 x 10 x 10 mm. The region
was marked with a highlighted frame by SINORAO medical
workstation (SINORAQ; Shenzhen, China) on anatomical 3D-
T1C or T2FLAIR images. The centric coordinate of each ROI was
recorded. The anatomical 3D-T1C or T2-FLAIR images with
marked ROI for biopsy were transferred to the navigation system.
A biopsy needle with a side-cut of 9.0x2.2 mm was used to obtain
samples. Intraoperative MRI or postoperative computed
tomography (CT) was used to ensure the accuracy of the
sampling (Figure 1). The iMR-navigated biopsy process was also
described in our prior study (21).

3.4 Imaging data analysis and processing

All images were obtained and transferred to a workstation
(Advantage Workstation 4.6; GE Medical Systems) for processing.
They were independently processed by two neuroradiologists (Y.R
and H.Z) who were blinded to the histopathologic results for
processing. By using a stretched exponential model for multi-b-
value DWI, the water molecular diffusion heterogeneity index o and
the distributed diffusion coefficient (DDC) were obtained by using
the following method:

Sequence TR/TE (ms) [ EL
eDWI 4000/90.6 ‘ 90 128x128
T2-FLAIR 9491/140 ‘ 111 256x256
3D-T1C 8.2/3.2 12 256%256

FOV (mm?) Acquisition time (min:s)
‘ 240 4 ‘ 7:00
‘ 240/256 4/2* ‘ 2:33; 6:50

240/256 4/1% 1:40; 3:45-4:20

TR/TE, repetition time/echo time; FA, flip angle; FOV, field of view; ST, Slice thickness; * indicates a slice thickness of 4 mm for routine scan, and 2 mm for T2-FLAIR or 1 mm for 3D-T1C used

for the iMR navigation sequence.
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FIGURE 1
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Standard Profile
PROCEDURE

" (a)

o
G

Passive Biopsy Needle
small Passive Cranial Frame

Navigated biopsy in a 31-year-old woman with pathologically confirmed WHO grade Il astrocytoma. (A) Preoperative T2-FLAIR imaging was used for
MR-guided biopsy; one specimen was obtained within the marked target regions (red circle) from the solid partition of tumor. (B) Target ROI taking
the biopsy target coordinates as the center is shown on axial T2-FLAIR imaging (purple square in B). (C) DDC;500 mapping with the biopsy target

(ROI: green square) (D) DDCs

oo Mapping with the biopsy target (ROI: green square) (E) oy

o Mapping with the biopsy targets (ROI: green square).

(F) AntiCD34 immunohistochemical staining (original magnification x200 for all stains). (G) Computer assisted quantification is used to outline and
calculate the neovascularization area in green. Black arrow shows microvasculature stained with CD34. (H) MIB-1 expression by using a high-power
objective with a magnification of 200x. Immunohistochemical dying of specimen from the biopsy target showed MIB-1 expression, proliferation
indexes were 4.02%. (1) Computer assisted quantification is used to outline and calculate the MIB-1 expression area in brown.

In this equation, o represents the intravoxel water molecular
diffusion heterogeneity, which varies from 0 to 1 which can be
considered a measure of the average difference between apparent
water diffusion rates in a single voxel. A higher o value indicates
lower intravoxel diffusion heterogeneity (approaching the mono-
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exponential decay), and the DDC represents the mean intravoxel
diffusion rate (22). Two methods of selecting b-values were applied
for fitting the stretched exponential model with 15 (0, 10, 20, 30, 50,
100, 150, 200, 300, 400, 500, 600, 800, 1,000, 1,500 sec/mm?) of 22 b
values and all 22 b values, respectively. After the fitting procedure,
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four parametric maps were generated, two for a b-value range of 0-
1,500 s/mm? (DDC; 50 and 0., 50) and two for a b-value range of 0—
5,000 s/mm? (DDCsgg0 and 0isooo)-

Take axial three-dimensional T1 contrast (3D-T1C) or T2 fluid
attenuated inversion recovery (FLAIR) images as reference.
According to the recorded centric coordinate of each ROI, tumor
ROIs with an area of 90-120 mm? were placed on axial 3D-T1C or
T2FLAIR images in each patient, and the measurements of o/ and
DDC were automatically calculated. All image processing and
analysis were performed using the in-built MADC module on the
workstation (Advantage Workstation 4.6; GE Medical Systems).
Parametric measurements (DDC;500, 01500, DDCs000 and 0Olsoo0)
were performed by two experienced radiologists (HZ and YR),
respectively, who were blinded to the pathologic diagnosis. The
mean values of these measurements were used for the
correlation analysis.

3.5 Pathological data analysis and
processing

Surgical biopsy specimens were embedded in paraffin and sliced
into 4-pm sections. Hematoxylin and eosin (H&E)-stained sections
were graded based on the 2016 edition World Health Organization
(WHO) classification of central nervous system (CNS) tumors by a
neuropathologist with 25 years of experience who was blinded to
imaging results. Immunohistochemical sections were stained by
anti-CD34 and anti-Ki67 (Changdao Bio-Reagent Company,
Shanghai, China) monoclonal antibodies to calculate CD34-MVD
and MIBI-LI, respectively. A multispectral phenotyping
microscope (PerkinElmer, Vectra, Boston, MA) was used to
photograph and quantitatively analyze CD-34 and MIB-1
expression. Image analysis software (Inform v. 2.01, PerkinElmer)
was used to recognize the wavelengths for positive and negative cells
in the section according to the standard spectrum.

CD34 antigen-stained microvessels in all tumor fields (total 3-
20 fields for each slice) were counted, and the tissue area for each
field was measured. The tumor microvasculature was assessed at
%200 magnification. CD34-MVD was defined according to the
following formula: C = A/B, where A is the number of CD34-
labelled microvessels in all specimen fields, and B is the total area of
the same specimen fields, and C is the mean CD34-MVD per field.

The percentage of MIB-1-positive cells per field was calculated
as MIB-1-positive expression levels according to the following
formula: C = A/B x100%, where A is the sum of MIB-1-positive
cells in all specimen fields, B is the number of specimen fields, and C
is the mean MIB-1-positive cells per field. All fields (total 3-20 fields
for each slice) in each specimen were detected consecutively using
high magnification (x200).

3.6 Statistical analysis

All statistical analyses were performed with SPSS (Version 27.0,
IBM, Armonk, NY, USA; RRID: SCR_002865), and P values< 0.05
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were considered statistically significant. The intraclass correlation
coefficient (ICC) was calculated to assess the interobserver
variation. ICC ranges between 0.0 and 1.0, and the inter-observer
agreement was defined as follows:<0.40, poor; 0.40-0.60, moderate;
0.61- 0.80, good; >0.80, excellent. Spearman’s correlation analysis
was used to evaluate the correlation of the between the variables:
ISEM-derived parameters (DDC; 540, 01500, DDCsg09 and 0tsopo) and
histopathological indexes of CD34-MVD and pMIB-1. @SEM-
derived parameters (DDCjspp, 0500 DDCs000 and 0Otsogo) and
glioma WHO grades. Correlation coefficient Rho (r) was classified
as little or fair (r < 0.40), moderate to good (0.40< r < 0.75), and very
good to excellent (r > 0.75) (12).

4 Results
4.1 Patient groups and tissue samples

Total 32 specimens of gliomas from 21 patients (male: 14,
female: 7, and median age of 51 ranging from 10 to 65 years old)
were enrolled, which were confirmed by post-surgical
histopathology, were classified as WHO Grade II (n=6), Grade III
(n=18) and Grade IV(n=8). Six specimens of gliomas from 6
patients with WHO grade II located in the frontal lobe (n=4),
insular lobe(n=1) and cerebellum(n=1), 4 of 6 patients underwent
only surgical biopsy and the other two received biopsy followed by
total tumor resection. Eighteen specimens of 11 patients (each
patient with 1 specimen for 6 patients, each patient with 2
specimens for 4 patients and one patient with 4 specimens) with
WHO grade IIT located in the frontal lobe (n=4), frontal parietal
lobe (n=1), temporal lobe(n=2), cerebellum(n=1), basal ganglia
(n=2) and thalamus(n=8), 13 of which underwent only biopsy,
three received biopsies followed by subtotal resection, and the other
two received biopsy followed by total resection. Eight specimens of
gliomas from 4 patients (two specimens for each patient) with
WHO grade IV located in the frontal lobe (n=2), parietal lobe
(n=2), temporal lobe (n=2), and corpus callosum (n=2), 3 of 4
patients underwent only biopsy and the other one received biopsy
followed by total resection.

4.2 Correlation of DDC and o with glioma
grades

WHO grades negatively correlated with both 0509 (r =-0.485;
P=0.005) and 0Ol509p (r =-0.395; P=0.025) (Figure 2). No significant
correlation found between DDC;599 and WHO grades, as well as
DDCsgg0 and WHO grades (Table 2).

4.3 Correlation of DDC and o with pMIB-1
and CD34-MVD

The pMIB-1 for all glioma samples negatively correlated with
DDC 50 (1 =-0.397; P=0.0269, and DDCsgo(r = -0.410, P =0.0254).

frontiersin.org


https://doi.org/10.3389/fonc.2023.1104610
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Wang et al.

FIGURE 2
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Standard Profile
ROCEDURE
Biopsy

Passive Biopsy Needle
small Passive Cranial Frame

Navigated biopsy in a 57-year-old man with pathologically confirmed WHO grade Il astrocytoma. (A) Preoperative enhanced T1WI imaging was
used for MR-guided biopsy; two specimens were obtained within the marked target regions (two white square pointed by red arrow on the biopsy
pathway) from the solid partition of tumor. (B) One deeper target ROI taking the biopsy target coordinate as the center is shown on axial T1C
imaging within the contrast-enhance tumor (green square in B). (C) DDCy500 mapping with the biopsy target (ROI: green square) (D) DDCsg00
mapping with the biopsy target (ROI: green square) (E) o500 mapping with the biopsy target (ROI: green square). (F) AntiCD34
immunohistochemical staining (original magnification x200 for all stains). (G) Computer assisted quantification is used to outline and calculate the
neovascularization area in green. Arrows show microvasculature stained with CD34. (H)MIB-1 expression by using a high-power objective with a
magnification of 200X. Immunohistochemical dying of specimen from the biopsy target showed MIB-1 expression, proliferation indexes were 2.22%
() Computer assisted quantification is used to outline and calculate the MIB-1 expression area in brown.

There was a moderate to good negative correlation for all gliomas
between CD34-MVD with o509 (r =-0.437; P =0.012). Otherwise,
the correlations between these parameters and pathological indexes
and shown in table. And no significant correlation found between
05000 and histopathological indexes of CD34-MVD and pMIB-
1 (Table 2).
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5 Discussion

In this study, SEM-derived intravoxel water diffusion
heterogeneity o had a moderately to good negative correlation
with CD34 expression rate in glioma by MDWI using a narrow-low
range of multi-b-value combination. Meanwhile, we also observed a

frontiersin.org


https://doi.org/10.3389/fonc.2023.1104610
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Wang et al.

10.3389/fonc.2023.1104610

TABLE 2 Correlations of SEM-derived parameters with MIB-1, CD34, and WHO grades.

DDC, 500 DDCsg00 Q1500 Ols000
Correlation Coefficient -0.397% -0.410% -0.165 -0.165
pMIB-1 Sig. (2-tailed) 0.027 0.025 0.374 0.374
N 31 31 31 31
Correlation Coefficient -0.296 -0.312 -0.437% -0.437%
CD34-MVD Sig. (2-tailed) 0.101 0.082 0.012 0.012
N 32 32 32 32
Correlation Coefficient -0.280 -0.272 -0.485%* -0.395%
WHO grades Sig. (2-tailed) 0.120 0.133 0.005 0.025
N 32 32 32 32

**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).

suggestive negative correlation between oo and WHO grades. As
such, o0 may serve as a potential indicator in identifying the
malignant part of the intratumor by reversely indicating the
CD34-stained vascularity. Meanwhile, SEM-derived DDC showed
a significant negative correlation with pMIB-1, which may help
non-invasively assess gliomas” tumor proliferation.

As far as we know, many diffusion models, such as DKI, DTI,
IVIM and FROC, have been analyzed for the correlations between
diffusion parameters and pathological biomarkers in the prior
studies on human gliomas. For example, DKI derived parameters
correlated with the diverse nuclear-to-cytoplasmic ratio, which can
be used to distinguish primary central nervous system lymphoma
and high-grade glioma (23); and DTI parameters were ever
discussed about their correlations with proliferation and
microvascular density (24). IVIM biexponential parameters were
recently discussed about the correlations between IVIM-derived fast
diffusion and perfusion fraction parameters and VEGF- and MIB-1-
positive rates in brain gliomas (25). However, despite of the
usefulness of SEM parameters in grading gliomas (26, 27), they
have not been analyzed on the correlations between the parameters
and histological biomarkers in gliomas. Theoretically, the SEM
derived heterogeneity index o is promising to indicate the
intratumor’s water diffusion heterogeneity of gliomas according to
its definition as an indicator of water diffusion heterogeneity index.

Several studies have suggested the particular usefulness of this
SEM-derived intravoxel heterogeneity index o in grading gliomas
(26, 27). Higher intravoxel diffusion heterogeneity with a lower o
value in HGG than LGG is a well-known fact reported in prior
studies (11, 28). Theoretically, the function of the stretched
exponential model, also known as the Kohlrausch-Williams-
Watts model (29), has been widely used in other fields of physics.
From 2003 to 2004, this model was successfully introduced by
Bennett and applied to the study of animal brain tissue and glioma
model for nearly 20 years (30, 31). SEM-derived o enables the
invasively quantitative evaluation of intravoxel heterogeneity in the
distribution of diffusion coefficients for brain tissues and gliomas
(30), which may not only identify normal brain cortex from white
mater fiber in rat brain but distinguish the invading tumor cells in
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the peritumoral edema area surrounding the contrast-enhanced
gliomas (30, 31). However, the exact biophysical implications of
SEM-derived o remain to be elucidated in human brain gliomas,
despite theoretically tortuous vasculature and heterogeneous
cellular morphology presumed to be the leading causes of
intravoxel heterogeneity to Bennett’s assumption (30). Through
this practice-focused research, we confirmed our hypothesis that the
performance of o have great association with clinical pathology, but
still further studies are needed to confirm our results.

In this study, the heterogeneity index o was observed with a
significant inverse correlation with anti-CD34 labelled vascularity in
all gliomas. One possible explanation of such inverse correlation is
that decreased o values indicates higher intravoxel diffusion
heterogeneity, which is consistent with the characteristic feature of
glioblastoma Anti-CD34 is a marker of vascular endothelial cells of
small and large vessels in normal and tumor tissue (15, 32). Prior
studies by Kong et al. (33) and Rahmah et al. (34) also suggested that
CD34 overexpression is associated with higher grades of gliomas. It is
well known that tumor areas with active vascular proliferation are
often synchronized with tumor proliferation, and the primary tumor
mass cannot grow beyond the size of about 1 - 2 mm without
recruiting local host vasculature (22) or the formation of new vessels
by angiogenesis (34). Meanwhile, to ensure the accuracy of
pathological diagnosis, preoperative puncture targets determined by
MR enhancement or T2FLAIR are often considered the most active
tumor growth sites with an abundant tumor cell and vascular
proliferation activity (21). Therefore, the abundance of CD34 -
labelled microvessels represents the most malignant tumor area,
which may be reflected using the heterogeneity index o. Therefore,
as a reflection of the intravoxel heterogeneity in the distribution of
diffusion coefficients for malignant glioma, oc may not only serve as a
useful imaging biomarker in helping glioma grading, but also a
valuable imaging index of glioma heterogeneous assessment.
Besides, there is evidence that tumor heterogeneity is a possible
explanation of some observed drug-resistance (35), so 0. may also
contribute to drug-resistance prediction.

Significant negative correlations were observed between DDC
and pMIB-1 in grade II-IV gliomas regardless of the multi-b-value
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range (15 b values for 0-1500 s/m?) and 22 b values for 0-5000 s/m?)
in this study. Previous researchers have ever performed a direct
comparison of ADC values with the MIB-1(Ki-67), which
demonstrated variable results from significant or moderately
inverse correlation (28, 35) between ADC values and MIB-1 in
brain gliomas. However, the mono-exponential model-derived
ADC value, calculated by the assumption of voxels composed of
one proton pool, was nonideal due to intratumor inherent
heterogeneity when the number of contributing proton pools is
unknown. Theoretically, DDC can be considered an ADC
approximation weighted by the volume fraction of water in each
part of the continuous distribution, and previous study conducted
by Chen et al. found that DDC manifests stronger correlation with
Ki-67 LI than the ADC derived from monoexponential model DWI
(14). Previous studies (14, 36) have also performed the correlation
analysis between DDC and pMIB-1. Moreover, to the best of our
knowledge, most studies have ever performed the comparison
between DDC and pMIB-1 by using the resected or biopsied
samples, none of which strictly bridged their connection by
point-to-point spatial coordinates in glioma patients. Due to the
inherent intratumor heterogeneity in glioma (37), the resected
tumor samples can’t be accurately matched with presurgical MR
imaging parameters. The corresponding results varied widely and
were hardly convincing in guiding the clinical practice. In this
study, the center coordinates of the biopsy target were confirmed
according to presurgical 3D-T1C (Imm in ST) or T2FLAIR (2mm
in ST) images with prelabeled markers on the scalp for
intraoperative MR navigation. Then, by the inbuilt software in the
workstation, the coordinates of the selected biopsy were put into
and labelled into the 3D-T1C or T2FLAIR navigation sequence to
guide the following surgical biopsy. At last, on the SEM-derived
DDC and o map fused with 3D-T1C or T2FLAIR, a square ROI
with 90-120(mm?) in size, centered by the selected coordinates for
biopsy, was placed on the tumor biopsy area of 3D-T1C or
T2FLAIR. Compared to prior studies (38, 39), the matching of
biopsied specimens and imaging ROI of the tumor was considered
to a maximal extent. Meanwhile, the pMIB-1 was calculated using a
multispectral phenotyping microscope and imaging analysis
software, which ensured the accuracy of measurement to a
maximum extent. Thus, the precise correlation analysis between
DDC and pMIB-1 in glioma patients was of great significance in
improving the understanding of the biophysical implications
of DDC.

In this study, we chose DDC to correlate with pMIB-1 and
reached consistent results with previous studies which used ADC as
their variables. One possible explanation that could be attributed to
such a phenomenon is that increased pMIB-1 indicates active cell
replication and division, which indirectly reflects higher cellularity
and malignancy, leading to the decrease of intercellular gaps and
increase of diffuse coefficient. As a reflection of the distribution of
diffusion coefficient, DDC calculated from the stretched-
exponential model may also be affected.

Several limitations of this study should be considered in
interpreting our findings. First, a multi-b-value DWT sequence
based on 22 b values takes a longer scan time of 7 mins, which
may lead to the failure of data acquisition due to the patients’
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motion in clinical practice and requires to be improved in future
work by reducing the number of b-values from 22 to 15 and
lowering repetition time from 4000ms to 3000ms. Especially for
those seriously ill patients, it was difficult for them to stay calm
during the whole scanning process to obtain reliable data. Second, at
the skull base, the measurements of DWI-MRI parameters on the
tumor area may be inaccurate due to image distortion from
inherent deficits of diffusion sequence. Although all the badly
deformed cases and those with severe motion disturbance have
been excluded in the present study, a slight distortion could not be
completely avoided. Third, relatively small samples could bias the
results, especially for the low-grade glioma samples, due to less
frequency of clinical demand for surgical biopsy. Fourth, white
matter tracts in the tumor contour were not reconstructed and
analyzed, as the fiber tracts can significantly influence the diffusion
parameters when the fibrous myelin sheath in the tumor remains
intact, which should be considered in the future validation study.
Last, although accurate matching method employed in the biopsy
operation, we acknowledge minimal errors could produce from the
typical three stages of ROI delineation, navigation registration error,
and brain shift of biopsy operation, which is unavoidable under our
current study design.

6 Conclusion

Our study indicates that SEM-derived parameters DDC and o
are significant in histological grading of gliomas, DDC may
indicate proliferative ability, and CD34-stained microvascular
perfusion may be an important determinant of water diffusion
inhomogeneity o in gliomas. Therefore, our results assert the
promise of SEM-diffusion imaging for future clinical practice
of glioma.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding authors.

Ethics statement

The studies involving human participants were reviewed and
approved by Huashan Hospital Ethics Committee. The patients/
participants provided their written informed consent to participate
in this study.

Author contributions

HP and YR contributed to the conception and design of the
study. JuW wrote the first draft of the manuscript. YR and HL
critically revised the manuscript. HZ performed the data acquisition
and analysis. XD and WR performed the clinical assessment. HC,

frontiersin.org


https://doi.org/10.3389/fonc.2023.1104610
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Wang et al.

JuW, YZ, TQ, ZY and HL and revised sections of the manuscript.
All authors contributed to manuscript revision and approved the
submitted version.

Funding

This work was supported by Shanghai Science and Technology
Commission [No. 18411967300] and National Natural Science
Foundation of China [No. 82001761 and No. 82102114].

Acknowledgments

We would like to express our gratitude to all of the patients who
took part in this research for their kind cooperation, and to all of the
medical professionals who contributed to the diagnosis
and treatment.

References

1. Schaff LR, Mellinghoft IK. Glioblastoma and other primary brain malignancies in
adults: a review. JAMA (2023) 329(7):574-87. doi: 10.1001/jama.2023.0023

2. Weller M, van den Bent M, Preusser M, Le Rhun E, Tonn JC, Minniti G, et al.
EANO guidelines on the diagnosis and treatment of diffuse gliomas of adulthood. Nat
Rev Clin Oncol (2021) 18(3):170-86. doi: 10.1038/s41571-020-00447-z

3. Minniti G, Niyazi M, Alongi F, Navarria P, Belka C. Current status and recent
advances in reirradiation of glioblastoma. Radiat Oncol (2021) 16(1):1-14. doi:
10.1186/s13014-021-01767-9

4. Wen PY, Weller M, Lee EQ, Alexander BM, Barnholtz-Sloan JS, Barthel FP, et al.
Glioblastoma in adults: a society for neuro-oncology (SNO) and European society of
neuro-oncology (EANO) consensus review on current management and future
directions. Neuro-oncology (2020) 22(8):1073-113. doi: 10.1093/neuonc/noaal06

5. Ogbu II. Glioblastoma: intraoperative monitoring and tumour classification. bmj
(2021) 374. doi: 10.1136/bmj.n2095

6. Horbinski C, Nabors LB, Portnow J, Baehring J, Bhatia A, Bloch O, et al. NCCN
guidelines® insights: central nervous system cancers, version 2.2022: featured updates
to the NCCN guidelines. ] Natl Compr Cancer Net (2023) 21(1):12-20. doi: 10.6004/
jncen.2023.0002

7. Manfrini E, Smits M, Thust S, Geiger S, Bendella Z, Petr ], et al. From research to
clinical practice: a European neuroradiological survey on quantitative advanced MRI
implementation. Eur Radiol (2021) 31:6334-41. doi: 10.1007/s00330-020-07582-2

8. Chakhoyan A, Woodworth DC, Harris RJ, Lai A, Nghiemphu PL, Liau LM, et al.
Mono-exponential, diffusion kurtosis and stretched exponential diffusion MR imaging
response to chemoradiation in newly diagnosed glioblastoma. J Neuro-oncol (2018)
139:651-9. doi: 10.1007/s11060-018-2910-9

9. Le Bihan D, Breton E, Lallemand D, Aubin ML, Vignaud J, Laval-Jeantet M.
Separation of diffusion and perfusion in intravoxel incoherent motion MR imaging.
Radiology (1988) 168(2):497-505. doi: 10.1148/radiology.168.2.3393671

10. Wu S, Zhang X, Rui W, Sheng Y, Yu Y, Zhang Y, et al. A nomogram strategy for
identifying the subclassification of IDH mutation and ATRX expression loss in lower-
grade gliomas. Eur Radiol (2022) 32(5):3187-98. doi: 10.1007/s00330-021-08444-1

11. Bai Y, Lin Y, Tian J, Shi D, Cheng J, Haacke EM, et al. Grading of gliomas by
using monoexponential, biexponential, and stretched exponential diffusion-weighted
MR imaging and diffusion kurtosis MR imaging. Radiology (2016) 278(2):496-504. doi:
10.1148/radiol.2015142173

12. Zhang L, Yang Lq, Wen L, Lv Sq, Hu Jh, Li Qr, et al. Noninvasively evaluating

the grading of glioma by multiparametric magnetic resonance imaging. Acad Radiol
(2021) 28(5):€137-46. doi: 10.1016/j.acra.2020.03.035

13. Zhu HB, Zhang XY, Zhou XH, Li XT, Liu YL, Wang S, et al. Assessment of
pathological complete response to preoperative chemoradiotherapy by means of
multiple mathematical models of diffusion-weighted MRI in locally advanced rectal
cancer: a prospective single-center study. ] Magnet Res Imag (2017) 46(1):175-83. doi:
10.1002/jmri.25567

14. Chen X, Jiang J, Shen N, Zhao L, Zhang J, Qin Y, et al. Stretched-exponential
model diffusion-weighted imaging as a potential imaging marker in preoperative

Frontiers in Oncology

10.3389/fonc.2023.1104610

Conflict of interest

One of the authors YZ is an employee of GE Healthcare.

The remaining authors declare no relationships with any
companies whose products or services may be related to the
subject matter of the article.

The reviewer DG declared a shared affiliation with the authors
JuW, XD, WR, HC, JiW, TQ, ZY, HL, HP, YR to the handling editor
at the time of review.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

grading and assessment of proliferative activity of gliomas. Am ] Transl Res (2018)
10(8):2659-68.

15. Vermeulen PB, Gasparini G, Fox SB, Toi M, Martin L, Mcculloch P, et al.
Quantification of angiogenesis in solid human tumours: an international consensus on
the methodology and criteria of evaluation. Eur ] Cancer (1996) 32(14):2474-84. doi:
10.1016/50959-8049(96)00379-6

16. Sugahara T, Korogi Y, Kochi M, Ikushima I, Shigematu Y, Hirai T, et al.
Usefulness of diffusion-weighted MRI with echo-planar technique in the evaluation of
cellularity in gliomas. ] Magn Reson Imag (1999) 9(1):53-60. doi: 10.1002/(SICI)1522-
2586(199901)9:1<53::AID-JMRI7>3.0.CO;2-2

17. Gihr G, Horvath-Rizea D, Kohlhof-Meinecke P, Ganslandt O, Henkes H, Hartig
W, et al. Diffusion weighted imaging in gliomas: a histogram-based approach for tumor
characterization. Cancers (2022) 14(14):3393. doi: 10.3390/cancers14143393

18. Kikuchi K, Hiwatashi A, Togao O, Yamashita K, Kamei R, Momosaka D, et al.
Intravoxel incoherent motion MR imaging of pediatric intracranial tumors: correlation
with histology and diagnostic utility. AJTNR Am J Neuroradiol (2019) 40(5):878-84. doi:
10.3174/ajnr.A6052

19. Zaccagna F, Riemer F, Priest AN, McLean MA, Allinson K, Grist JT, et al. Non-
invasive assessment of glioma microstructure using VERDICT MRI: correlation with
histology. Eur Radiol (2019) 29:5559-66. doi: 10.1007/s00330-019-6011-8

20. Panagiotaki E, Walker-Samuel S, Siow B, Johnson SP, Rajkumar V, Pedley RB,
et al. Noninvasive quantification of solid tumor microstructure using VERDICT MRL
Cancer Res (2014) 74(7):1902-12. doi: 10.1158/0008-5472.CAN-13-2511

21. Pang H, Dang X, Ren Y, Zhuang D, Qiu T, Chen H, et al. 3D-ASL perfusion
correlates with VEGF expression and overall survival in glioma patients: comparison of
quantitative perfusion and pathology on accurate spatial location-matched basis. ]
Magn Reson Imag (2019) 50(1):209-20. doi: 10.1002/jmri.26562

22. Zhang H, Zhou Y, Li ], Zhang P, Li Z, Guo J. The value of DWT in predicting the
response to synchronous radiochemotherapy for advanced cervical carcinoma:
comparison among three mathematical models. Cancer Imag (2020) 20:1-9. doi:
10.1186/540644-019-0285-6

23. Haopeng P, Xuefei D, Yan R, Zhenwei Y, Wei H, Ziyin W, et al. Diffusion
kurtosis imaging differs between primary central nervous system lymphoma and high-
grade glioma and is correlated with the diverse nuclear-to-cytoplasmic ratio: a
histopathologic, biopsy-based study. Eur Radiol (2020) 30:2125-37. doi: 10.1007/
s00330-019-06544-7

24. Xiong J, Tan WL, Pan JW, Wang Y, Yin B, Zhang J, et al. Detecting isocitrate
dehydrogenase gene mutations in oligodendroglial tumors using diffusion tensor
imaging metrics and their correlations with proliferation and microvascular density.
J Magnet Res Imag (2016) 43(1):45-54. doi: 10.1002/jmri.24958

25. Sheng Y, Dang X, Zhang H, Rui W, Wang J, Cheng H, et al. Correlations
between intravoxel incoherent motion-derived fast diffusion and perfusion fraction
parameters and VEGF-and MIB-1-positive rates in brain gliomas: an intraoperative
MR-navigated, biopsy-based histopathologic study. Eur Radiol (2023) 1-11. doi:
10.1007/s00330-023-09506-2

frontiersin.org


https://doi.org/10.1001/jama.2023.0023
https://doi.org/10.1038/s41571-020-00447-z
https://doi.org/10.1186/s13014-021-01767-9
https://doi.org/10.1093/neuonc/noaa106
https://doi.org/10.1136/bmj.n2095
https://doi.org/10.6004/jnccn.2023.0002
https://doi.org/10.6004/jnccn.2023.0002
https://doi.org/10.1007/s00330-020-07582-2
https://doi.org/10.1007/s11060-018-2910-9
https://doi.org/10.1148/radiology.168.2.3393671
https://doi.org/10.1007/s00330-021-08444-1
https://doi.org/10.1148/radiol.2015142173
https://doi.org/10.1016/j.acra.2020.03.035
https://doi.org/10.1002/jmri.25567
https://doi.org/10.1016/S0959-8049(96)00379-6
https://doi.org/10.1002/(SICI)1522-2586(199901)9:1%3C53::AID-JMRI7%3E3.0.CO;2-2
https://doi.org/10.1002/(SICI)1522-2586(199901)9:1%3C53::AID-JMRI7%3E3.0.CO;2-2
https://doi.org/10.3390/cancers14143393
https://doi.org/10.3174/ajnr.A6052
https://doi.org/10.1007/s00330-019-6011-8
https://doi.org/10.1158/0008-5472.CAN-13-2511
https://doi.org/10.1002/jmri.26562
https://doi.org/10.1186/s40644-019-0285-6
https://doi.org/10.1007/s00330-019-06544-7
https://doi.org/10.1007/s00330-019-06544-7
https://doi.org/10.1002/jmri.24958
https://doi.org/10.1007/s00330-023-09506-2
https://doi.org/10.3389/fonc.2023.1104610
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Wang et al.

26. Lai V, Lee VHF, Lam KO, Sze HCK, Chan Q, Khong PL. Intravoxel water
diffusion heterogeneity MR imaging of nasopharyngeal carcinoma using stretched
exponential diffusion model. Eur Radiol (2015) 25:1708-13. doi: 10.1007/s00330-014-
3535-9

27. Kwee T, Galban C, Tsien C, Junck L, Sundgren P, Ivancevic M, et al. Intravoxel
water diffusion heterogeneity imaging of human high-grade gliomas. NMR IN
BIOMED (2010) 23(2):179-87. doi: 10.1002/nbm.1441

28. Chaudhary N, Zhang G, Li S, Zhu W. Monoexponential, biexponential and
stretched exponential models of diffusion weighted magnetic resonance imaging in
glioma in relation to histopathologic grade and ki-67 labeling index using high b values.
Am ] Trans Res (2021) 13(11):12480.

29. Anderssen RS, Husain SA, Loy RJ. The kohlrausch function: properties and
applications. ANZIAM]J (2004) 45:800. doi: 10.21914/anziam;j.v45i0.924

30. Bennett KM, Schmainda KM, Bennett (Tong) R, Rowe DB, Lu H, Hyde JS.
Characterization of continuously distributed cortical water diffusion rates with a
stretched-exponential model. Magn Reson Med (2003) 50(4):727-34. doi: 10.1002/
mrm.10581

31. Bennett KM, Hyde JS, Rand SD, Bennett R, Krouwer HGJ, Rebro KJ, et al.
Intravoxel distribution of DWT decay rates reveals C6 glioma invasion in rat brain.
Magn Reson Med (2004) 52(5):994-1004. doi: 10.1002/mrm.20286

32. Tanaka F, Otake Y, Yanagihara K, Kawano Y, Miyahara R, Li M, et al. Evaluation
of angiogenesis in non-small cell lung cancer: comparison between anti-CD34 antibody
and anti-CD105 antibody. Clin Cancer Res (2001) 7(11):3410-5.

Frontiers in Oncology

10

10.3389/fonc.2023.1104610

33. Kong X, Guan J, Ma W, Li Y, Xing B, Yang Y, et al. CD34 over-expression is
associated with gliomas’ higher WHO grade. Medicine (2016) 95(7):e2830.
doi: 10.1097/MD.0000000000002830

34. Folkman J. Tumor angiogenesis: therapeutic implications. N Engl ] Med (1971)
285(21):1182-6. doi: 10.1056/NEJM197111182852108

35. Xianwang L, Lei H, Hong L, Juan D, Shenglin L, Caiqiang X, et al. Apparent
diffusion coefficient to evaluate adult intracranial ependymomas: relationship to ki-67
proliferation index. J Neuroimag (2021) 31(1):132-6. doi: 10.1111/jon.12789

36. Yan R, Haopeng P, Xiaoyuan F, Jinsong W, Jiawen Z, Chengjun Y, et al. Non-
Gaussian diffusion MR imaging of glioma: comparisons of multiple diffusion
parameters and correlation with histologic grade and MIB-1 (Ki-67 labeling) index.
Neuroradiology (2016) 58:121-32. doi: 10.1007/s00234-015-1606-5

37. Patel AP, Tirosh I, Trombetta JJ, Shalek AK, Gillespie SM, Wakimoto H, et al.
Single-cell RNA-seq highlights intratumoral heterogeneity in primary glioblastoma.
Science (2014) 344(6190):1396-401. doi: 10.1126/science.1254257

38. Maia AC, Malheiros SM, da Rocha A]J, da Silva CJ, Gabbai AA, Ferraz FA, et al.
MR cerebral blood volume maps correlated with vascular endothelial growth factor
expression and tumor grade in nonenhancing gliomas. Am ] Neuroradiol (2005) 26
(4):777-83.

39. Yang S, Zhao B, Wang G, Xiang J, Xu S, Liu Y, et al. Improving the grading
accuracy of astrocytic neoplasms noninvasively by combining timing information with
cerebral blood flow: a multi-TI arterial spin-labeling MR imaging study. AJNR Am ]
Neuroradiol (2016) 37(12):2209-16. doi: 10.3174/ajnr.A4907

frontiersin.org


https://doi.org/10.1007/s00330-014-3535-9
https://doi.org/10.1007/s00330-014-3535-9
https://doi.org/10.1002/nbm.1441
https://doi.org/10.21914/anziamj.v45i0.924
https://doi.org/10.1002/mrm.10581
https://doi.org/10.1002/mrm.10581
https://doi.org/10.1002/mrm.20286
https://doi.org/10.1097/MD.0000000000002830
https://doi.org/10.1056/NEJM197111182852108
https://doi.org/10.1111/jon.12789
https://doi.org/10.1007/s00234-015-1606-5
https://doi.org/10.1126/science.1254257
https://doi.org/10.3174/ajnr.A4907
https://doi.org/10.3389/fonc.2023.1104610
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Multi-b-value diffusion stretched-exponential model parameters correlate with MIB-1 and CD34 expression in Glioma patients, an intraoperative MR-navigated, biopsy-based histopathologic study
	1 Introduction
	2 Article types
	3 Materials and methods
	3.1 Participants
	3.2 Image data acquisition
	3.3 iMRI-navigated biopsy
	3.4 Imaging data analysis and processing
	3.5 Pathological data analysis and processing
	3.6 Statistical analysis

	4 Results
	4.1 Patient groups and tissue samples
	4.2 Correlation of DDC and α with glioma grades
	4.3 Correlation of DDC and α with pMIB-1 and CD34-MVD

	5 Discussion
	6 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


