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Purpose: To assess T2*-weighted imaging (T2*WI) and reduced field-of-view diffusion-
weighted Imaging (rDWI) derived parameters and their relationships with histopathological
factors in patients with rectal cancer.

Methods: Fifty-four patients with pathologically-proven rectal cancer underwent
preoperative T2*-weighted imaging and rDWI in this retrospective study. R2* values from
T2*-weighted imaging and apparent diffusion coefficient (ADC) values from rDWI were
compared in terms of different histopathological prognostic factors using student’s t-test or
Mann-Whitney U-test. The correlations of R2* and ADC with prognostic factors were
assessed by Spearman correlation analysis. The diagnostic performances of R2* and ADC
were analyzed by receiver operating characteristic curves (ROC) separately and jointly.

Results: Significant positive correlation was found between R2* values and T stage,
lymph node involvement, histological grades, CEA level, the presence of EMVI and tumor
deposit (r = 0.374 ~ 0.673, p = 0.000–0.006), with the exception of CA19-9 level, CRM
status and tumor involvement in the circumference lumen (TIL). Meanwhile, ADC values
negatively correlated with almost all the prognostic factors (r = −0.588 to −0.299, p =
0.000–0.030), except CA19-9 level. The AUC range was 0.724–0.907 for R2* and 0.674–
0.887 for ADC in discrimination of different prognostic factors. While showing the highest
AUC of 0.913 (0.803–1.000) in differentiation of T stage, combination of R2* and ADC with
reference to different prognostic factors did not significantly improve the diagnostic
performance in comparison with individual R2*/ADC parameter.
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Conclusions: R2* and ADC were associated with important histopathological prognostic
factors of rectal cancer. R2* might act as additional quantitative imaging marker for tumor
characterization of rectal cancer.
Keywords: rectal neoplasms, diffusion weighted imaging, magnetic resonance imaging, prognosis, biomarkers
INTRODUCTION

Colorectal cancer (CRC) is presently the most common tumor
occurring in the digestive system, with high mortality worldwide
(1). Approximately 30% to 35% of CRCs arise from the rectum
(2). The prognosis of rectal cancer is associated with many
factors, such as TNM staging, histological differentiation,
extramural vascular invasion (EMVI), circumferential margin
(CRM) involvement, range of tumor involvement in the
circumference lumen (TIL) and tumor markers including
carcinoembryonic antigen (CEA) and cancer antigen 19-9
(CA19-9) (3–7). The choice of treatment including surgery,
with or without preoperative and postoperative neoadjuvant
chemo-radiotherapy depends on the probability of patients
having distant metastasis and local recurrence (8–10). Thus,
the risk stratification for distant metastasis and tumor recurrence
based on the prognostic factors is very important for treatment
planning of patients with rectal cancer.

Current MRI techniques of rectal cancer utilized in clinics are
comprised of T2 weighted imaging, diffusion-weighted imaging
(DWI), dynamic-contrast-enhanced imaging technique (DCE),
and other functional techniques. For instance, as for MR
functional technique, some report (11) indicated that IVIM
parameters, f, D and D* can reflect clinically relevant
histopathological features in rectal cancer. However, some MRI
techniques are inherent with inadequacies. The administration of
contrast media is required for DCE-MRI by invasive method. As
for DWI technique, it is based on single-shot echo-planar
imaging (ss-EPI), which is often associated with limited image
quality including geometric distortion, ghosting and insufficient
image resolution (12, 13). Therefore, optimization of MRI
techniques is necessitated for rectal cancer imaging.

Reduced field-of-view (FOV) diffusion-weighted imaging
(rDWI), utilizes a 2D spatially selective echo-planar
radiofrequency pulse, which is followed by 180°refocusing
pulse (14). The rDWI technique decreases the off-resonance-
related artifacts and blurring by reducing FOV in the phase-
encoding direction of EPI readout to decrease the number of k-
space lines. The rDWI technique has been studied to improve
overall image quality and diagnostic performance, as compared
to conventional DWI using ss-EPI (15). Previous studies
reported successful application of rDWI technique for imaging
of breast cancer, prostate cancer and endometrial cancer (16–18).

On the other hand, T2*-weighted imaging (T2*WI), a multi-
echo gradient-echo sequence, requires a magnetic field with high
uniformity, which is helpful for improvement of detection of
small lesions with comparatively high resolution (19). Besides,
the time needed for T2*WI scanning is short and it is very
convenient to perform analysis of images on the post-processing
2

workstation. T2*WI is closely associated with the oxygenation
status of hemoglobin, which could affect the homogeneity of
magnetic field, resulting in signal transformation on T2*WI (20).
The apparent relaxation rate R2* from T2*WI (R2* = 1/T2*), is
related to the partial pressure of oxygen and deoxyhemoglobin
content. Elevated levels of deoxyhemoglobin causes elevated R2*
value (21). R2* value was utilized in previous studies (22–24) to
noninvasively evaluate tumor biological behaviors in renal
cancer, breast cancer, and cervical cancer.

Therefore, we hypothesize R2* parameter might be correlated
with histopathological prognostic factors of rectal cancer. To our
knowledge, the relationship between tumor R2* and
histopathological prognostic factors has not been reported.
Thus, the purpose of our study was to assess the potential role
of R2* from T2*-weighted imaging and ADC from rDWI in
histopathological prognosis of patients with rectal cancer
undergoing primary surgery.
MATERIALS AND METHODS

Patients
This retrospective study was approved by our Institutional
Review Board and the requirement for written informed
consent of patients with rectal cancer was waived. Between
September 2016 and November 2017, a series of 135
consecutive patients with rectal cancer verified by endoscopic
biopsy were referred for MR examinations for individual
treatment planning. The inclusion and exclusion criteria are
shown in Figure 1. Finally, 54 patients (39 men, 15 women; aged
57 ± 11 years; range 39–82 years) were enrolled in this
retrospective study. The median time interval between MR
imaging and surgery was 4 days (range, 2–6 days).

MRI Imaging Protocol
An intramuscular injection of 5 mg racanisodamine
hydrochloride was administered to reduce intestinal peristalsis
30 min before MR examination. All patients underwent MR
scanning of the whole pelvis in the supine position with a 3.0T
MR unit (Discovery 750; GE Healthcare, Milwaukee, WI), which
was equipped with 32-channel phased-array torso coil. The
standardized MR protocol for imaging rectal cancer
was comprised of axial T1-weighted fast spin echo (FSE) and
T2-weighted FSE sequences without fat saturation in
three directions. Besides, T2*-weighted imaging and rDWI
(b values, 0 and 800 s/mm2) sequences were also included
in the imaging protocol. The protocol details are listed
in Table 1.
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Imaging Analysis
All the MR images including T2*-weighted imaging and rDWI
were uploaded to an Advantage Workstation (version 4.6, GE
Frontiers in Oncology | www.frontiersin.org 3
healthcare, USA). The ADC values from rDWI data
were measured on ADC maps with the Functool-ADC
software. Post-processing of R2* values was performed with
the Functool-R2Star software (GE healthcare, USA). Two
independent radiologists with 7 and 15 years of experience in
MRI diagnosis of gastrointestinal diseases interpreted all the images
independently, and they were blinded to all clinical and
pathological information.

The R2* value from T2*-weighted imaging was obtained from
the Functool-R2Star software. The distribution of R2* was
displayed in an axial R2* color map. The R2* and T2* maps
for each lesion of rectal cancer were measured automatically
by fitting a single exponential model of the ln (signal intensity)
to TE curve. The R2* (R2*=1/T2*) value was determined by
the slope of the ln (signal intensity) versus TE by using
13 different data points (TE = 2.7, 6.8, 10.9, 15.1, 19.2, 23.3,
27.4, 31.5, 35.6, 39.7, 43.8, 48.0, 52.1 ms) for T2*-weighted
imaging. The region-of-interests (ROIs) were manually drawn
along the border of the rectal tumor on each consecutive R2* and
ADC maps covering the whole lesion. All ROIs were placed
on the solid region of tumor to avoid cystic, necrotic
and hemorrhagic areas. ROI delineations were determined
utilizing T2 weighted images and diffusion weighted images as
references for R2* and ADC measurements. Tumor volume, R2*
FIGURE 1 | Flowchart of patient selection process by exclusion criteria.
TABLE 1 | MR scanning protocol parameters.

Parameters T1WI T2WI rDWI T2*WI

Sequence FSE FSE EPI Multiecho GRE
Orientation Oblique

axial
Oblique
axial,
sagittal
and

coronal

Oblique
axial

Oblique axial

Repetition time (msec) 500 5629 4000 100
Echo time (msec) 75 85 75 2.7, 6.8, 10.9, 15.1,

19.2, 23.3, 27.4,
31.5, 35.6, 39.7,
43.8, 48.0, 52.1

FOV (mm2) 380×380 200×200 200×100 240×192
Matrix (mm2) 320×224 448×314 128×64 192×160
Slice thickness (mm) 5 3 3 3
Slice gap (mm) 1 0 0 0
b-value (s/mm2) N/A N/A 0, 800 N/A
Bandwidth (kHz) 62.50 31.3 250 31.3
No. of signals acquired 2 4 12 1
GRE, gradient-recalled echo; EPI, echo planar imaging; FSE, fast spin-echo; FOV, field-of-view.
May 2021 | Volume 11 | Article 670156

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Peng et al. rDWI and T2*WI of RC
and ADC measurements were performed by two different
abdominal radiologists and were compared to evaluate inter-
reader agreement.

Histopathologic Assessment
The histopathological diagnosis of resected surgical specimens
was performed by a gastrointestinal pathologist with over
20 years ’ experience, and he was blinded to clinical
information and MRI imaging data. The resected specimens
were stained by hematoxylin and eosin for histopathological
assessment. The final histopathological reports were comprised
of the T category (the depth of tumor invasion), N category
(lymph node metastasis), histological differentiation (well,
moderately and poorly differentiated), CRM involvement,
EMVI, TIL involvement and tumor deposits. The T/N
categories of rectal cancer were evaluated and determined
by the 7th edition of TNM staging system recommended
by the American Joint Committee on cancer (AJCC) (25).
Besides, the status of CRM involvement, EMVI and tumor
deposits was recorded as present or absent. The assessment of
TIL involvement was based on the invasion of bowel
circumference (Table 2).
Frontiers in Oncology | www.frontiersin.org 4
Clinical Tumor Markers
Clinical tumor markers were reviewed from the medical records
of patients with rectal cancer. The plasma levels of CEA and
CA199 were tested within 4 to 7 days before surgery. A CEA level
greater than 5 ng/ml or a CA199 level greater than 34 U/ml in
our hospital was considered elevated.

Statistical Analysis
All statistical analyses were performed by utility of SPSS 19.0 (IBM,
Armonk, NY, USA) and MedCalc software (version 12.7.0.0,
Mariakerke, Belgium). The inter-observer variability of R2* and
ADC parameters between the two radiologists was assessed by
intraclass correlation coefficients (ICCs, range and correlation:
0.00–0.20, poor; 0.21–0.40, fair; 0.41–0.60, moderate; 0.61–0.80,
good; 0.81–1.00, excellent) and the Bland-Altman analysis.

The Kolmogorov-Smirnov test and Levene test were utilized to
assess whether the data from each histopathological group were in
normal distribution or not. The Mann-Whitney U-test or
independent-samples t-test was performed to assess differences
between the following pairwise groups: pT1-2 versus pT3-4, pN0
versus pN1-2, well versus moderate/poor differentiation, normal
level of CEA versus elevated level of CEA, normal level of CA199
TABLE 2 | Comparisons of R2* and apparent diffusion coefficient between different histopathological categories of rectal cancer.

Histopathological factor N (%) R2* (Hz) p-value ADC (×10−3 mm2) p-value

pT category▲

pT1+2 19 (35.2) 31.05 ± 9.58 <0.001 1.05 ± 0.26 <0.001
pT3+4 35 (64.8) 47.10 ± 7.76 0.91 ± 0.06
pN category☆

pN0 30 (55.6) 37.86 ± 11.58 0.005 0.99 ± 0.21 0.030
pN1+2 24 (44.4) 45.94 ± 9.59 0.92 ± 0.09
Tumor grade§

G1+2 39 (72.2) 38.23 ± 9.50 0.001 0.99 ± 0.19 <0.001
G3 15 (27.8) 49.83 ± 11.91 0.88 ± 0.07
CEA level
< 5mg 36 (66.7) 38.08 ± 10.69 0.005 0.99 ± 0.20 0.001
≥ 5mg 18 (33.3) 48.20 ± 9.82 0.88 ± 0.05
CA19-9 level
< 34 U/ml 43 (79.6) 40.09 ± 11.17 0.080 0.97 ± 0.19 0.125
≥ 34 U/ml 11 (20.4) 46.76 ± 11.16 0.90 ± 0.07
CRM
Negative 47 (87.0) 40.29 ± 11.02 0.062 0.97 ± 0.18 0.004
Positive 7 (13.0) 49.23 ± 11.54 0.86 ± 0.05
EMVI
Negative 41 (75.9) 38.31 ± 9.72 <0.001 0.99 ± 0.18 <0.001
Positive 13 (24.1) 51.37 ± 10.85 0.87 ± 0.07
TIL★

C1+2 13 (24.1) 35.96 ± 10.23 0.053 1.08 ± 0.15 0.004
C3+4 41(75.9) 43.19 ± 11.29 0.92 ± 0.16
Tumor deposit
Negative 42 (77.8) 38.83 ± 10.02 0.006 0.98 ± 0.18 <0.001
Positive 12 (22.2) 50.64 ± 11.49 0.86 ± 0.06
May 2021 | Volume 11 | Article
▲1 patient was T1 stage, 18 patients were T2 stage, 28 patients were T3 stage and 7 patients were T4 stage.
☆12 patients had N1 stage and N2 stage, respectively.
§G1+2 indicated well/moderately-differentiated rectal cancer, and G3 indicated poor-differentiated rectal cancer (the number for G1 and G2 was 4 and 35, respectively).
★C1 indicated the tumor invasion was within 1/4 of the involved bowel circumference (the number for C1 was 0); C2 indicated the tumor invasion was >1/4 and ≤1/2 of the involved bowel
circumference (the number for C2 was 13); C3 indicated the tumor invasion was >1/2 and ≤3/4 of the involved bowel circumference (the number for C3 was 9); C4 indicated the tumor
invasion was >3/4 of the involved bowel circumference (the number for C4 was 32).
CRM , circumferential margin; EMVI, extramural vascular invasion; TIL, range of tumor involvement in the circumference lumen; ADC, apparent diffusion coefficient; N(%), the percentage of patients.
The bolded numbers in the “p-value” columns indicated there were significant differences.
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versus elevated level of CA199, the presence versus absence of CRM,
the presence versus absence of EMVI, TIL involvement (C1+C2
versus C3+C4) and the presence versus absence of tumor deposits.
Nonparametric ANOVA analysis was utilized to compare tumor
R2* andADC values between different TIL levels. Adjustments were
made by Bonferroni corrections for multiple testing between R2*/
ADC parameters in association with different prognostic factors of
rectal cancer. The Spearman correlation analysis was performed to
assess the relationships between the prognostic factors and MRI
parameters of R2* and ADC from patients with rectal cancer.

Receiver operating characteristic (ROC) curves were used to
evaluate the diagnostic performances of R2* and ADC parameters
in relation to various status of prognostic factors. The optimal
cutoff value was selected regarding the Youden index. The areas
under the curves (AUCs) were compared to analyze different
diagnostic performances of R2* and ADC parameters. The two
MRI parameters (R2* and ADC) were also combined using the
binary regression analysis for ROC analysis. Pairwise comparison
of ROC curves between individual R2*/ADC and combination of
both parameters were performed by Z statistics. p<0.05 was
considered to have statistical significance.
RESULTS

Histopathological Findings
The patient characteristics and associated histopathological findings
are shown in Table 2. In our study, 47 patients (T1-T3 stage)
Frontiers in Oncology | www.frontiersin.org 5
received radical surgery of rectal cancer (14 patients underwent
Miles operation and 33 patients had Dixon surgery). The remaining
7 patients (T4 stage) underwent palliative surgery including
tumor resections before receiving chemo-radiotherapy because
of emergent complications (3 patients had intestinal obstruction,
2 patients had massive intestinal bleeding and 2 patients
had persistent perianal pain, which could not be relieved by
painkillers). Mean whole-tumor volume of rectal cancer is 9.76 ±
6.25 cm3.

Interobserver Agreement
The interobserver agreements between readers were excellent for
tumor volume (0.998, 95% CI: 0.996–0.999), measurements of
R2* (0.999, 95%CI: 0.998–0.999) and ADC (0.997, 95%CI:
0.995–0.998). No significant differences were found for tumor
volume between readers (p= 0.973). The Bland-Altman plots
indicated the 95% limits of interobserver consistency were −4.4%
to 3.3% (R2*) and −4.0% to 3.6% (ADC), respectively (Figure 2).

Correlation of R2* and ADC Parameters
With Histopathological Prognostic Factors
The comparison of R2* and ADC values and their degree of
correlation with different histopathological factors are
summarized in Tables 2 and 3. Higher R2* values significantly
correlated with higher tumor T stage, lymph node involvement,
lower histological differentiation, high CEA level, the presence of
EMVI and tumor deposit (Figures 3 and 4). Significant positive
correlations were found between R2* and higher histopathological
factors (r = 0.374 ~ 0.673, all p<0.05). However, there were no
FIGURE 2 | Bland-Altman plots exhibited interreader consistencies with 95% confidence intervals for measurement differences between two readers in R2* (A) and
ADC (B). ADC, apparent diffusion coefficient.
May 2021 | Volume 11 | Article 670156
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significant differences between R2* values and other histopathological
factors (normal/high CA19-9 level, the status of CRM and TIL)
(r = 0.240, 0.256 and 0.265, p>0.05).

Meanwhile, lower ADC values inversely correlated with
higher tumor T stage, lymph node involvement, lower
histological differentiation, high CEA level, the positive status
of CRM, the presence of EMVI and tumor deposit (r = −0.588 to
−0.299, all p<0.05) (Figures 3 and 4), with the exception of high
CA19-9 level (r = −0.211, p=0.126).

Diagnostic Performances of R2* and ADC
Values for Differentiation of
Histopathological Prognostic Factors
In the ROC analysis, R2* and ADC exhibited different diagnostic
efficacies for T category, N category, tumor grade, CEA
TABLE 3 | Correlation of R2* and apparent diffusion coefficient with
histopathological factors of rectal cancer.

Histopathological factor R2* (Hz) ADC (×10−3 mm2)

r-value p-value r-value p-value

pT category 0.673 <0.001 −0.588 <0.001
pN category 0.385 0.004 −0.299 0.028
Tumor grade 0.460 <0.001 −0.519 <0.001
CEA level 0.388 0.004 −0.441 0.001
CA19-9 level 0.240 0.080 −0.211 0.126
CRM 0.256 0.061 −0.394 0.002
EMVI 0.479 <0.001 −0.574 <0.001
TIL 0.265 0.052 −0.396 0.003
Tumor deposit 0.374 0.005 −0.497 <0.001
CRM, circumferential margin; EMVI, extramural vascular invasion; TIL, range of tumor
involvement in the circumference lumen; ADC, apparent diffusion coefficient.
The bolded numbers in the “p-value” columns indicated there were significant differences.
FIGURE 3 | MR images of 68-year-old female with T2 stage rectal adenocarcinoma (well-differentiated; N1; location, middle). Axial T2-weighted imaging (A) shows
intermediate-signal-intensity mass occupying more than one-half of the rectal wall (TIL, C3). rDWI image (b = 800 s/mm2) (B), ADC color map (ADC= 1.05×10−3

mm2) (C), T2*-weighted image (D) and R2* color map (R2*= 33.18 Hz) (E) show ROI delineations of the corresponding tumor. The histopathological specimen (F)
shows well-differentiated rectal adenocarcinoma invading deep muscular layer of rectal wall.
May 2021 | Volume 11 | Article 670156
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level,the presence of EMVI and tumor deposit (Table 4 and
Figure 5) . The AUC ranges for discr iminat ion of
above histopathological factors were 0.724–0.907 for R2* and
0.674–0.887 for ADC. However, no significant discriminative
power was found for R2* in distinguishing normal/high CA19-9
level (AUC: 0.689, p = 0.080), negative/positive status of
CRM (AUC: 0.720, p= 0.062) and TIL involvement (AUC:
0.679, p = 0.053), and ADC in differentiating normal/high
CA19-9 level (AUC: 0.651, p = 0.125).

In comparison with individual R2* or ADC parameter, the
combination of R2* and ADC parameters did not significantly
improve the diagnostic performances for differentiation
of related histopathological factors (p>0.05). The highest
AUC of combined R2* and ADC parameters was 0.913(0.803–
1.000) for discrimination of T category, with relatively
higher specificity of 89.50% and highest sensitivity of 97.10%
than those for other prognostic factors (Figure 5).
Frontiers in Oncology | www.frontiersin.org 7
DISCUSSION

In our study, the T2*-weighted imaging and reduced field-of-
view diffusion-weighted imaging of rectal cancer were
successfully utilized to measure entire tumor volume with
excellent interobserver agreement between readers. We found
that both R2* and ADC parameters significantly correlated with
some histopathological prognostic factors of rectal cancer,
including T category, lymph node involvement, histological
differentiation, CEA level, the presence of EMVI and tumor
deposit, with additional association of ADC parameter with the
status of CRM and TIL. Therefore, R2* and ADC metrics,
derived from T2*-weighted imaging and rDWI respectively,
could be promising imaging biomarkers for prediction of
treatment-related prognosis of rectal cancer.

Our study demonstrated that significantly higher R2* values
were found in patients with higher T stage, metastatic lymph
FIGURE 4 | MR images of 69-year-old male with T3 stage rectal adenocarcinoma (moderately-differentiated; N1; location: middle). Axial T2-weighted imaging (A)
shows intermediate-signal-intensity mass occupying more than three-quarters of the rectal wall (TIL, C4). rDWI image (b=800 s/mm2) (B), ADC color map (ADC=
0.98×10−3 mm2) (C), T2*-weighted image (D) and R2* color map (R2* = 40.13 Hz) (E) show ROI delineations of the corresponding tumor. The histopathological
specimen (F) shows moderately differentiated rectal adenocarcinoma invading the whole layer of rectal wall, accompanied by one intestinal lymph node metastasis.
May 2021 | Volume 11 | Article 670156
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TABLE 4 | Diagnostic performances of R2* and apparent diffusion coefficient for differentiation between different histopathological categories of rectal cancer.

Histopathological factor Parameter Cutoff AUC Sensitivity (%) Specificity (%) p-value

pT category R2* 40.408 0.907 (0.793–1.000) 97.10 89.50 <0.001
ADC 1.034 0.856 (0.708–1.000) 84.20 97.10 <0.001
R2*+ADC — 0.913 (0.803–1.000) 97.10 89.50 <0.001

pN category R2* 44.239 0.724 (0.589–0.858) 50.00 76.70 0.005
ADC 1.003 0.674 (0.529–0.818) 50.00 87.50 0.030
R2*+ADC — 0.714 (0.577–0.851) 62.50 76.70 0.007

Tumor grade R2* 51.081 0.781 (0.633–0.929) 53.30 97.40 0.001
ADC 0.899 0.834 (0.709–0.959) 89.70 73.30 <0.001
R2*+ADC — 0.797 (0.653–0.941) 53.30 100.00 0.001

CEA level R2* 41.938 0.738 (0.606–0.870) 88.90 55.60 0.005
ADC 0.960 0.770 (0.647–0.893) 55.60 100.00 0.001
R2*+ADC — 0.756 (0.629–0.883) 94.40 58.30 0.002

CA19-9 level R2* 42.233 0.689 (0.521–0.858) 90.90 51.20 0.080
ADC 0.954 0.651 (0.498–0.804) 46.50 90.90 0.125
R2*+ADC — 0.685 (0.525–0.845) 90.90 58.10 0.060

CRM R2* 51.081 0.720 (0.510–0.931) 57.10 89.40 0.062
ADC 0.923 0.839 (0.716–0.962) 59.60 100.00 0.004
R2*+ADC — 0.739 (0.539–0.938) 57.10 89.40 0.043

EMVI R2* 42.233 0.824 (0.685–0.963) 84.60 51.20 <0.001
ADC 0.899 0.887 (0.774–1.000) 90.20 84.60 <0.001
R2*+ADC — 0.816 (0.666–0.967) 69.20 92.70 0.001

TIL R2* 51.081 0.679 (0.519–0.839) 19.50 92.30 0.053
ADC 1.037 0.767 (0.608–0.926) 69.20 82.90 0.004
R2*+ADC — 0.767 (0.608–0.926) 85.40 69.20 0.004

Tumor deposit R2* 51.081 0.760 (0.603–0.917) 50.00 92.90 0.006
ADC 0.922 0.845 (0.728–0.962) 66.70 91.70 <0.001
R2*+ADC — 0.774 (0.620–0.927) 58.30 88.10 0.004
Frontiers in Oncology | www.frontier
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CRM, circumferential margin; EMVI, extramural vascular invasion; TIL, range of tumor involvement in the circumference lumen; ADC, apparent diffusion coefficient; AUC, area under the curve.
The units for R2*and ADC are Hz and 10−3 mm2 respectively.
The bolded numbers in the “p-value” columns indicated there were significant differences.
FIGURE 5 | (A) ROC curves of R2* and ADC for distinguishing T stage (pT1-2 versus pT3-4); (B) ROC curves of R2* and ADC for discriminating histological grades
(well/moderately-differentiated versus poor-differentiated rectal cancer).
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node, higher histological grade, high CEA level, the presence of
EMVI and tumor deposit. The R2* value exhibited significantly
positive correlation with above prognostic factors. These
prognostic factors indicated that rectal lesions were
characterized by more invasive behaviors. Similar findings were
reported by previous studies. Wang et al. (26) found that R2*
value could be used to distinguish the histological grade and T
stages of bladder cancer. Zhang et al. (22) concluded that
histogram analysis of R2* could differentiate low- from high-
grade clear cell renal cell carcinoma. These phenomena might be
ascribed to rapid proliferation of tumor cells and growth of
tumor tissues with more aggressive manner, resulting in tumors
with increasing hypoxic status (27). The hypoxic status of rectal
cancer would lead to an increase in the deoxyhemoglobin
content and R2* values. Moreover, the tumor hypoxia of rectal
cancer would further bring about angiogenesis, which is a
fundamental process in tumor growth and invasion (28). So
higher R2* values were often linked with more aggressiveness of
rectal cancer, which was indicated by the results of our study.

However, R2* value did not correlate with CA19-9 level, the
status of CRM or TIL involvement. As for CA19-9 level, possible
reason could be that it might not reflect the actual status of rectal
cancer with low sensitivity or specificity. As for the status of
CRM and TIL involvement, more patients were needed to
investigate the correlation between R2* value and these
prognostic factors.

With respect to ADC measurement from rDWI, ADC values
were found to have correlation with almost all the
histopathological factors, except CA19-9 level. Lower ADC
values were recorded in rectal cancer with more aggressive
features. It was reported that elevated CEA level could be
associated with tumor aggressiveness (29). The ADC values
may reflect the aggressiveness of tumors with complex
microstructures. The more aggressive rectal cancer was often
associated with increased cellular density, abnormal gland
formation and conspicuous variation of nuclear pleomorphism
histopathologically, resulting in lower ADC values. Moreover,
contradicting findings (30–32) about ADC measurement were
noted in previous investigations regarding T stage, nodal
involvement, histological differentiation, CEA level and
lympho-vascular invasion (LVI). A recent large meta-analysis
(33) about associations between ADC and numerous clinical and
histochemical parameters in rectal cancer was published. It
indicated that ADC can reflect expression of Ki-67 but no
other relevant markers (tumor stages, grades and KRAS
status). These inconsistent results might be imputed to the
following factors: the disparities of scanning parameters among
different DWI protocols, such as magnetic field strength, coil
system, and b value; ADC measurement influenced by diverse
ROI positioning protocols due to tumor heterogeneity (34). The
ADC quantification in our study was based on rDWI technique,
which could improve image quality, reduce artifacts and
distortions for imaging of rectal cancer. This could explain the
results obtained were different from previous studies of
rectal cancer.
Frontiers in Oncology | www.frontiersin.org 9
Our study had some limitations. First, our study type was
retrospective with inevitable selection bias. Second, the relative
small sample size and uneven distribution of patients with
different histopathological features might influence the
application of our results. Third, the inevitable multiple testing
between R2*/ADC parameters in relation with different
prognostic factors should be noted with adjustments by
Bonferroni corrections. Finally, R2* values from T2*-weighted
imaging are influenced by magnetic field strength, blood oxy/
deoxyhemoglobin levels, blood volume and tumor vasculatures,
which should also be considered for clinical practice of T2*-
weighted imaging.

In conclusion, both R2* from T2*-weighted imaging and
ADC from rDWI might act as potential imaging biomarkers
for differentiation of histopathological prognostic factors of
rectal cancer. The T2*-weighted imaging (R2*) could provide
quantitative information for tumor characterization of
rectal cancer.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
ETHICS STATEMENT

This retrospective study was conducted under the approval of the
Ethics Committee of Tongji Hospital, Tongji Medical College,
Huazhong University of Science and Technology. Written
informed consent for participation was not required for this
study in accordance with the national legislation and the
institutional requirements. Written informed consent was not
obtained from the individual(s) for the publication of any
potentially identifiable images or data included in this article.
AUTHOR CONTRIBUTIONS

ZL conceived the experiment. DH designed the experiment. XH
performed the experiment. YL analyzed the data. YS performed
the statistical analysis. IK contributed to manuscript editing and
reviewing. YP wrote the original draft. All authors contributed to
the article and approved the submitted version.
FUNDING

This work was supported by the National Natural Science
Foundation of China (No. 81771801, 81701657, 81801695,
82071889, 82071890, 82001786).
May 2021 | Volume 11 | Article 670156

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Peng et al. rDWI and T2*WI of RC
REFERENCES

1. Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. Global cancer
statistics. CA Cancer J Clin (2011) 61:69–90. doi: 10.3322/caac.20107

2. Lee YC, Hsieh CC, Chuang JP. Prognostic Significance of Partial Tumor
Regression After Preoperative Chemoradiotherapy for Rectal Cancer: A
Meta-Analysis. Dis Colon Rectum (2013) 56(9):1093–101. doi: 10.1097/
DCR.0b013e318298e36b

3. Cho SH, Kim SH, Bae JH, Jang YJ, Kim HJ, Lee D, et al. Society of North a.
Prognostic Stratification by Extramural Depth of Tumor Invasion of Primary
Rectal Cancer Based on the Radiological Society of North America Proposal.
Am J Roentgenol (2014) 202:1238–44. doi: 10.2214/AJR.13.11311

4. Peng Y, Tang H, Meng X, Shen Y, Hu D, Kamel I, et al. Histological Grades of
Rectal Cancer: Whole-Volume Histogram Analysis of Apparent Diffusion
Coefficient Based on Reduced Field-of-View Diffusion-Weighted Imaging.
Quant Imaging Med Surg (2020) 10:243–56. doi: 10.21037/qims.2019.11.17

5. Zhang XY, Wang S, Li XT, Wang YP, Shi YJ, Wang L, et al. MRI of
Extramural Venous Invasion in Locally Advanced Rectal Cancer:
Relationship to Tumor Recurrence and Overall Survival. Radiology (2018)
289:677–85. doi: 10.1148/radiol.2018172889

6. Roodbeen SX, de Lacy FB, van Dieren S, PennaM, Ris F,Moran B, et al. Predictive
Factors and Risk Model for Positive Circumferential Resection Margin Rate After
Transanal Total Mesorectal Excision in 2653 Patients With Rectal Cancer. Ann
Surg (2019) 270:884–91. doi: 10.1097/SLA.0000000000003516

7. Yang KL, Yang SH, Liang WY, Kuo YJ, Lin JK, Lin TC, et al.
Carcinoembryonic Antigen (CEA) Level, CEA Ratio, and Treatment
Outcome of Rectal Cancer Pat ients Receiving Pre-Operative
Chemoradiation and Surgery. Radiat Oncol (2013) 8:43. doi: 10.1186/1748-
717X-8-43

8. van Gijn W, van Stiphout RG, van de Velde CJ, Valentini V, Lammering G,
Gambacorta MA, et al. Nomograms to Predict Survival and the Risk for
Developing Local or Distant Recurrence in Patients With Rectal Cancer
Treated With Optional Short-Term Radiotherapy. Ann Oncol (2015) 26:928–
35. doi: 10.1093/annonc/mdv023

9. Elliot AH, Martling A, Glimelius B, Nordenvall C, Johansson H, Nilsson PJ.
Preoperative Treatment Selection in Rectal Cancer: A Population-Based
Cohort Study. Eur J Surg Oncol (2014) 40:1782–8. doi: 10.1016/
j.ejso.2014.08.481

10. Battersby NJ, How P, Moran B, Stelzner S, West NP, Branagan G, et al. Prospective
Validation of a Low Rectal Cancer Magnetic Resonance Imaging Staging System and
Development of a Local Recurrence Risk Stratification Model: The MERCURY Ii
Study. Ann Surg (2016) 263:751–60. doi: 10.1097/SLA.0000000000001193

11. Meyer HJ, Hohn AK, Woidacki K, Andric M, Powerski M, Pech M, et al.
Associations Between IVIM Histogram Parameters and Histopathology in
Rectal Cancer. Magnetic resonance Imaging (2021) 77:21–7. doi: 10.1016/
j.mri.2020.12.008

12. Bogner W, Pinker-Domenig K, Bickel H, Chmelik M, Weber M, Helbich TH,
et al. Readout-Segmented Echo-Planar Imaging Improves the Diagnostic
Performance of Diffusion-Weighted MR Breast Examinations At 3.0 T.
Radiology (2012) 263:64–76. doi: 10.1148/radiol.12111494

13. Wu LM, Chen XX, Xuan HQ, Liu Q, Suo ST, Hu J, et al. Feasibility and
Preliminary Experience of Quantitative T2* Mapping At 3.0 T for Detection
and Assessment of Aggressiveness of Prostate Cancer. Acad Radiol (2014)
21:1020–6. doi: 10.1016/j.acra.2014.04.007

14. Barentsz MW, Taviani V, Chang JM, Ikeda DM, Miyake KK, Banerjee S, et al.
Assessment of Tumor Morphology on Diffusion-Weighted (DWI) Breast
MRI: Diagnostic Value of Reduced Field of View DWI. J Magn Reson Imaging
(2015) 42:1656–65. doi: 10.1002/jmri.24929

15. Peng Y, Li Z, Tang H, Wang Y, Hu X, Shen Y, et al. Comparison of Reduced
Field-of-View Diffusion-Weighted Imaging (DWI) and Conventional DWI
Techniques in the Assessment of Rectal Carcinoma At 3.0T: Image Quality
and Histological T Staging. J Magn Reson Imaging (2018) 47:967–75.
doi: 10.1002/jmri.25814

16. Park JY, Shin HJ, Shin KC, Sung YS, Choi WJ, Chae EY, et al. Comparison of
Readout Segmented Echo Planar Imaging (EPI) and EPI With Reduced field-
of-VIew Diffusion-Weighted Imaging At 3t in Patients With Breast Cancer.
J Magn Reson Imaging (2015) 42:1679–88. doi: 10.1002/jmri.24940
Frontiers in Oncology | www.frontiersin.org 10
17. Yamauchi FI, Penzkofer T, Fedorov A, Fennessy FM, Chu R, Maier SE, et al.
Prostate Cancer Discrimination in the Peripheral Zone With a Reduced Field-
of-View T(2)-mapping MRI Sequence. Magn Reson Imaging (2015) 33:525–
30. doi: 10.1016/j.mri.2015.02.006

18. Ota T, Hori M, Onishi H, Sakane M, Tsuboyama T, Tatsumi M, et al.
Preoperative Staging of Endometrial Cancer Using Reduced Field-of-View
Diffusion-Weighted Imaging: A Preliminary Study. Eur Radiol (2017)
27:5225–35. doi: 10.1007/s00330-017-4922-9

19. Tang YL, Zhang XM, Yang ZG, Huang YC, Chen TW, Chen YL, et al. The Blood
Oxygenation T2(*) Values of Resectable Esophageal Squamous Cell Carcinomas as
Measured by 3T Magnetic Resonance Imaging: Association With Tumor Stage.
Korean J Radiol (2017) 18:674–81. doi: 10.3348/kjr.2017.18.4.674

20. Wiedenmann N, Bunea H, Rischke HC, Bunea A, Majerus L, Bielak L, et al.
Effect of Radiochemotherapy on T2* MRI in HNSCC and its Relation to
FMISO PET Derived Hypoxia and FDG Pet. Radiat Oncol (2018) 13:159.
doi: 10.1186/s13014-018-1103-1

21. Gonzalez Hernando C, Esteban L, Canas T, Van den Brule E, Pastrana M. The
Role of Magnetic Resonance Imaging in Oncology. Clin Transl Oncol (2010)
12:606–13. doi: 10.1007/s12094-010-0565-x

22. Zhang YD, Wu CJ, Wang Q, Zhang J, Wang XN, Liu XS, et al. Comparison of
Utility of Histogram Apparent Diffusion Coefficient and R2* for Differentiation of
Low-Grade From High-Grade Clear Cell Renal Cell Carcinoma. Am J Roentgenol
(2015) 205:W193–201. doi: 10.2214/AJR.14.13802

23. Miyata M, Aoki T, Shimajiri S, Matsuyama A, Kinoshita S, Fujii M, et al.
Evaluation of the R2* Value in Invasive Ductal Carcinoma With Respect to
Hypoxic-Related Prognostic Factors Using Iterative Decomposition of Water
and Fat With Echo Asymmetry and Least-Squares Emission (IDEAL). Eur
Radiol (2017) 27:4316–23. doi: 10.1007/s00330-017-4832-x

24. Hallac RR, Ding Y, Yuan Q, McColl RW, Lea J, Sims RD, et al. Oxygenation in
Cervical Cancer and Normal Uterine Cervix Assessed Using Blood
Oxygenation Level-Dependent (BOLD) MRI At 3T. NMR BioMed (2012)
25:1321–30. doi: 10.1002/nbm.2804

25. Edge SB, Compton CC. The American Joint Committee on Cancer: The 7th
Edition of the AJCC Cancer Staging Manual and the Future of TNM. Ann
Surg Oncol (2010) 17:1471–4. doi: 10.1245/s10434-010-0985-4

26. Wang Y, Shen Y, Hu X, Li Z, Feng C, HuD, et al. Application of R2* andApparent
Diffusion Coefficient in Estimating Tumor Grade and T Category of Bladder
Cancer. Am J Roentgenol (2020) 214:383–9. doi: 10.2214/AJR.19.21668

27. Fyles A, Milosevic M, Hedley D, Pintilie M, Levin W, Manchul L, et al. Tumor
Hypoxia has Independent Predictor Impact Only in Patients With Node-Negative
Cervix Cancer. J Clin Oncol (2002) 20:680–7. doi: 10.1200/JCO.2002.20.3.680

28. Yeo DM, Oh SN, Jung CK, Lee MA, Oh ST, Rha SE, et al. Correlation of
Dynamic Contrast-Enhanced MRI Perfusion Parameters With Angiogenesis
and Biologic Aggressiveness of Rectal Cancer: Preliminary Results. J Magn
Reson Imaging (2015) 41:474–80. doi: 10.1002/jmri.24541

29. Wu S, Gu W. Association of T Stage and Serum Cea Levels in Determining
Survival of Rectal Cancer. Front Med (Lausanne) (2019) 6:270. doi: 10.3389/
fmed.2019.00270

30. Curvo-Semedo L, Lambregts DM, Maas M, Beets GL, Caseiro-Alves F, Beets-
Tan RG. Diffusion-Weighted MRI in Rectal Cancer: Apparent Diffusion
Coefficient as a Potential Noninvasive Marker of Tumor Aggressiveness.
J Magn Reson Imaging (2012) 35:1365–71. doi: 10.1002/jmri.23589

31. Akashi M, Nakahusa Y, Yakabe T, Egashira Y, Koga Y, Sumi K, et al.
Assessment of Aggressiveness of Rectal Cancer Using 3-T MRI: Correlation
Between the Apparent Diffusion Coefficient as a Potential Imaging Biomarker
and Histologic Prognostic Factors. Acta Radiol (2014) 55:524–31.
doi: 10.1177/0284185113503154

32. Tong T, Yao Z, Xu L, Cai S, Bi R, Xin C, et al. Extramural Depth of Tumor Invasion
At Thin-Section MR in Rectal Cancer: Associating With Prognostic Factors and
ADC Value. J Magn Reson Imaging (2014) 40:738–44. doi: 10.1002/jmri.24398

33. Surov A, Pech M, Powerski M, Woidacki K, Wienke A. Pretreatment Apparent
Diffusion Coefficient Cannot Predict Histopathological Features and Response to
Neoadjuvant Radiochemotherapy in Rectal Cancer. A Meta-Analysis. Dig Dis
(2021). doi: 10.1159/000515631

34. Peng Y, Xu C, Hu X, Shen Y, Hu D, Kamel I, et al. Reduced Field-of-View
Diffusion-Weighted Imaging in Histological Characterization of Rectal
Cancer: Impact of Different Region-of-Interest Positioning Protocols on
May 2021 | Volume 11 | Article 670156

https://doi.org/10.3322/caac.20107
https://doi.org/10.1097/DCR.0b013e318298e36b
https://doi.org/10.1097/DCR.0b013e318298e36b
https://doi.org/10.2214/AJR.13.11311
https://doi.org/10.21037/qims.2019.11.17
https://doi.org/10.1148/radiol.2018172889
https://doi.org/10.1097/SLA.0000000000003516
https://doi.org/10.1186/1748-717X-8-43
https://doi.org/10.1186/1748-717X-8-43
https://doi.org/10.1093/annonc/mdv023
https://doi.org/10.1016/j.ejso.2014.08.481
https://doi.org/10.1016/j.ejso.2014.08.481
https://doi.org/10.1097/SLA.0000000000001193
https://doi.org/10.1016/j.mri.2020.12.008
https://doi.org/10.1016/j.mri.2020.12.008
https://doi.org/10.1148/radiol.12111494
https://doi.org/10.1016/j.acra.2014.04.007
https://doi.org/10.1002/jmri.24929
https://doi.org/10.1002/jmri.25814
https://doi.org/10.1002/jmri.24940
https://doi.org/10.1016/j.mri.2015.02.006
https://doi.org/10.1007/s00330-017-4922-9
https://doi.org/10.3348/kjr.2017.18.4.674
https://doi.org/10.1186/s13014-018-1103-1
https://doi.org/10.1007/s12094-010-0565-x
https://doi.org/10.2214/AJR.14.13802
https://doi.org/10.1007/s00330-017-4832-x
https://doi.org/10.1002/nbm.2804
https://doi.org/10.1245/s10434-010-0985-4
https://doi.org/10.2214/AJR.19.21668
https://doi.org/10.1200/JCO.2002.20.3.680
https://doi.org/10.1002/jmri.24541
https://doi.org/10.3389/fmed.2019.00270
https://doi.org/10.3389/fmed.2019.00270
https://doi.org/10.1002/jmri.23589
https://doi.org/10.1177/0284185113503154
https://doi.org/10.1002/jmri.24398
https://doi.org/10.1159/000515631
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Peng et al. rDWI and T2*WI of RC
Apparent Diffusion Coefficient Measurements. Eur J Radiol (2020)
127:109028. doi: 10.1016/j.ejrad.2020.109028

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Frontiers in Oncology | www.frontiersin.org 11
Copyright © 2021 Peng, Luo, Hu, Shen, Hu, Li and Kamel. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
May 2021 | Volume 11 | Article 670156

https://doi.org/10.1016/j.ejrad.2020.109028
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Quantitative T2*-Weighted Imaging and Reduced Field-of-View Diffusion-Weighted Imaging of Rectal Cancer: Correlation of R2* and Apparent Diffusion Coefficient With Histopathological Prognostic Factors
	Introduction
	Materials and Methods
	Patients
	MRI Imaging Protocol
	Imaging Analysis
	Histopathologic Assessment
	Clinical Tumor Markers
	Statistical Analysis

	Results
	Histopathological Findings
	Interobserver Agreement
	Correlation of R2* and ADC Parameters With Histopathological Prognostic Factors
	Diagnostic Performances of R2* and ADC Values for Differentiation of Histopathological Prognostic Factors

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	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 /LeaveColorUnchanged
  /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 true
  /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 true
  /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 true
  /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


