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Abstract

Objective: To evaluate the feasibility of using PET/CT
and diffusion-weighted magnetic resonance imaging
(DW-MRI) to monitor the early response of pancreatic
ductal adenocarcinoma (PDAC) xenografts to
brachytherapy, and to determine whether maximum
standardized uptake value (SUVmax) correlate with
apparent diffusion coefficient (ADC).

Materials and Methods: SW1990 human PDAC were
subcutaneously implanted in 20 nude mice. They were
randomly divided into 125-Iodine (**°I) seeds and blank
seeds group. PET/CT and DW-MRI were performed at
pretreatment and 5 days after therapy. SUVmax and
ADC values were calculated, respectively. The correla-
tion between SUVmax and ADC values was analyzed by
the Pearson correlation test.

Results: The SUVmax were significantly decreased
between pretreatment and 5 days after '*°I seeds treat-
ment (p < 0.001) and between two groups (p < 0.001).
And the ADC values were significantly increased
between pretreatment and 5 days after '*°I seeds treat-
ment (p < 0.001) and between two groups (p < 0.001).
While in the bank seeds group, there were no signifi-
cantly difference between pretreatment and after treat-
ment in SUVmax and ADC values (p = 0.057;
p = 0.397). SUVmax and ADC correlated significantly
and negatively before treatment in both groups (r = —

0.964, R> = 0.929, p < 0.001; r = — 0917, R* =
0.841, p < 0.001) and after treatment in the blank seeds
group (r = — 0.944, R = 0.891, p < 0.001). But after
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1251 seeds treatment there was no significant correlation

between SUVmax and ADC (r = — 0.388, R*> = 0.151,
p = 0.268).

Conclusion: The PET/CT and DW-MRI are capable of
monitoring the early response of PDAC xenografts to
brachytherapy. The significantly inverse correlation
between pretreatment SUVmax and ADC suggests that
PET/CT and DW-MRI might play complementary roles
for therapy assessment.
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The pancreatic ductal adenocarcinoma (PDAC) is a
highly malignant digestive tumor with poor prognosis.
The early surgical resection is the only possible cure for
PDAC. But because its clinical symptoms are hidden and
not specific, PDAC is usually advanced and not
resectable at the first diagnosis. For the advanced PDAC,
a variety of therapies are used, such as radiotherapy,
chemotherapy, and targeted therapies. While each ther-
apy has its limitation, such as radiotherapy may cause
damage to normal organs adjacent the tumor,
chemotherapy may have systemic side effects, and tar-
geted therapy is expensive, and its curative effect also
varies from person to person. In recent years, it is re-
ported that the Todine-125 (**°I) seeds brachytherapy has
been effective in the treatment of advanced PDAC [1].
1251 seeds is a radioactive particle source. It can consis-
tently emit low-dose X-rays and gamma in r-rays with
the short effective penetration distance and long half-life
time. So it can focus on the lesion avoiding radiation
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damage to the surrounding normal organs and play a
consistent role for a long time.

Molecular imaging makes noninvasive evaluation of
response to therapy possible. '®F-fluorodeoxyglucose
positron emission tomography/computed tomography
("8F-FDG PET/CT) reflects tumor metabolic activity
which contributes to diseases diagnosis and differential
diagnosis between benign and malignant tumors [2]. And
it is a sensitive assessment modality for therapy response
to radiation, chemotherapy, and targeted therapies [3-5].
The maximum standardized uptake value (SUVmax) can
semiquantitatively assess glucose metabolism. The
SUVmax changes have been reported to be useful in the
diagnosis, staging, efficacy evaluation, and prognosis in
pancreatic lesions [2]. And functional MRI is another
important modality for therapy response. Diffusion-
weighted magnetic resonance imaging (DW-MRI) mea-
sures the random motion of free water molecules
potentially reflecting tissue cellularity [6]. The apparent
diffusion coefficient (ADC) calculated by DW-MRI is
used to quantify local water diffusion. The ADC values
usually decrease in malignant tumors because of their
inverse relationship with tissue cellularity. The ADC
values changes also have been reported to be useful in
monitoring therapeutic response of PDAC. And changes
in FDG uptake and ADC values have been reported to
precede tumor size in early assessment of treatment ef-
fects [7].

To our knowledge, there is no reported study com-
paring the brachytherapy efficacy assessment by
"F.FDG PET/CT and DW-MRI in PDAC xenografts.
Thus in this study, we investigated whether early re-
sponse assessment of brachytherapy using these imaging
biomarkers is feasible. And we also investigated the
correlation between SUVmax and ADC.

Materials and methods
PDAC xenografts model

Animal experiments were reviewed and approved by the
Institutional Animal Care and Use Committee of the
local hospital.

Twenty 4-week-old BALB/c male nude mice bought
from the University School of Medicine Experimental
Animal Center were implanted subcutaneously SW
1990 cell suspension (1 x 107 cells/mL, 0.4 mL) into
the flank near the lower limb. We used a caliper to
measure the tumor size. When the tumor diameter
reached 8-10 mm, they underwent '*F-FDG PET/CT
and DW-MRI pretreatment and 5 days after seeds
implantation. The mice were randomly divided into
two groups. One I seed (0.5 mCi) purchased from
GMS Pharmaceutical Co. Ltd was implanted into the
center of tumor by the 18-gauge needle as the treatment
group (n = 10), and one blank seed (0 mCi) as control
group (n = 10).

BE.FDG PET/CT protocol

PET/CT examinations were performed on small animal
Micro-PET/CT scanners (Inveon, Siemens, Healthcare,
Germany). Imaging studies were conducted before ther-
apy (baseline), and 5 days after therapy. Animals were
routinely fasted for 6 h prior to "F-FDG injection.
During imaging, all animals were anesthetized using
isoflurane gas (1%—2%) and the temperature of animal
bed was maintained to 37°C. 7.4 MBq "*F-FDG was
administered intravenously. After 60 min injection, the
static PET imaging was acquired for 20 min. CT images
prior to the PET scans were performed with the follow-
ing parameters: voltage of X-ray tube, 80 kVp; the tube
current, 0.5 mA; axial field of view, 80 mm; acquisition
time, 10 min per animal [8]. Images were analyzed using
the software Inveon Research Workplace 3.0 (Siemens
Medical Solutions). A manually defined three-dimen-
sional range of interest covered the entire tumor. On PET
images, the SUV was calculated as followed:
SUV = tissue activity concentration (MBg/mL) * ani-
mal body weight (g)/activity concentration (MBq/mL)
[9]. The SUVmax was measured as the maximum value
of SUV in each voxel within the three-dimensional vol-
umes of interest of tumors.

MRI protocol

MR examinations were performed on a 1.5T MR
imaging system using a 3-inch surface coil (HD SIGNA
EXCITE, GE, U.S.A). All animals were anesthetized
using isoflurane gas (1%—2%) during imaging. The mouse
was covered with a thin quilt to prevent hypothermia.
Imaging acquisition was conducted before therapy
(baseline), and 5 days after therapy. DW-MRI was per-
formed using single shot echo-planar sequences with fat
suppression with the following acquisition parameters:
(b values = 0 and 500 s/mm?; repetition time msec (TR)/
echo time msec (TE) = 2200/75.8; diffusion separation
time = 16 ms; diffusion gradient duration = 6 ms;
matrix = 64 x 64; field of view (FOV) = 80 x 40 mm;
slice thickness = 1.8 mm, and slice gap = 0.2 mm; scan
time = 1 min and 28 s) [10]. ADC values were calcu-
lated automatically by the MR Functool 2 analysis
software in offline workstation (ADW 4.4, GE Health-
care, USA). Regions of interests (ROIs) were manually
defined enveloping the peripheral zone of tumors with-
out seeds in the ADC map.

Histologic analysis

After '"SF-FDG PET/CT and DW-MRI scans, all mice
were euthanized. The tumor specimens were fixed in 4%
formalin for 24-48 h, dehydrated, and embedded in
paraffin. And thin sections (5 um) were collected and
used for histological analysis with hematoxylin and eosin
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(H&E) staining [5]. And the H&E stained slides were
reviewed by a senior pathologist. The amount of necrosis
was calculated as the proportion (percentage of total
tumor area) of necrosis.

Statistical analysis

All statistical analysis was processed using SPSS 13.0
software (SPSS Inc., Chicago, IL). All qualitative data
were presented as mean + SD. A paired Student’s 7 test
was used to compare the SUVmax and ADC values of
tumor in the same group at each time point. And an
independent Student’s ¢ test was used to compare the
SUVmax and ADC values of tumor between two groups
at each time point. Pearson correlation was used to
analyze the relationships between the SUVmax and ADC
values at each time point. Differences were considered
significant when the two-sided p values were less than
0.05.

Results

SUVmax on "SF-FDG PET/CT

All nude mice bearing tumor completed the '*F-FDG
PET/CT scan with minimal motion artifact. On
BF.FDG PET/CT, the tumor parenchyma presented
high FDG uptake, tumor necrosis region showed no
obvious FDG uptake, and seeds showed no FDG uptake
with a small amount of CT hardening artifact (Fig. 1).
Table 1 shows the comparison of SUVmax between the
121 seeds group and the blank seeds group at baseline
and 5 days after therapy. The SUVmax showed no sig-
nificant difference between two groups at baseline
(p = 0.295). After '*I seeds implantation, the SUVmax
were significantly decreased compared with baseline
(p < 0.001) and with the blank seeds group (p < 0.001).
While in the blank seeds group, the SUVmax changed
from 1.253 + 0.3096 to 1.430 &+ 0.4296, but there were
no significant differences between baseline and 5 days
after implantation (p = 0.057).

ADC values on DW-MRI

All nude mice bearing tumor completed the DW-MRI
with minimal motion artifact. PDAC xenografts showed
high signal intensity on DW-MRI and low signal inten-
sity on ADC maps with the no signal seeds (Fig. 2).
Table 1 also shows the comparison of ADC values be-
tween the '*°I seeds group and the blank seeds group at
baseline and 5 days after therapy. The ADC values
showed no significant difference between two groups at
baseline (p = 0.803). After '*°I seeds implantation, the
ADC values were significantly increased compared with
baseline (p < 0.001) and with the blank seeds group
(p < 0.001). While in the blank seeds group, the ADC

values showed no significant differences between baseline
and 5 days after implantation (p = 0.397).

Relationship between SUVmax and ADC
values

The SUVmax were significantly and negatively corre-
lated to ADC values before treatment in both groups
(r = —0964, R>=0.929, p < 0.001; r=—0917,
R> = 0.841, p < 0.001). And the results showed signif-
icantly negative correlation between SUVmax and ADC
values after treatment in the blank seeds group (r = —
0.944, R> = 0.891, p < 0.001). However, after 1251 seeds
treatment there was no significant correlation between
SUVmax and ADC values(r = — 0.388, R* = 0.151,
p = 0.268).

Histological results

H&E staining showed that in the '*°I seeds group there
was significant necrosis around seeds with no cell struc-
ture and the residual tumor cells arranged loosely and
appeared karyopyknosis (Fig. 3a). But in the blank seeds
group the tumor tissue showed no or a small amount of
necrotic area, the tumor cells arranged closely, cells nu-
clear deeply dyed, and appeared more mitotic activity
(Fig. 3b). And the animals who received '*I seeds
brachytherapy, compared with the control, had higher
percentage of necrosis (mean: 82.0 & 6.75% vs.
6.1 £ 5.04%, p < 0.001).

Discussion

Recently, brachytherapy with '#°I seeds is an important
therapeutic measures for patients with advanced and
unresectable malignant tumors, tumors insensitive to
chemotherapy, or metastatic tumors [1, 11].
Brachytherapy with '*°I seeds for prostate cancer has a
favorable medium-term effect and retains its physiolog-
ical function [11]. In recent years, brachytherapy with
125 seeds has been used in the treatment of advanced
PDAC, and has achieved a certain clinical efficacy [1].
The biological behavior of '*I seeds is as follows: they
can consistently emit low-energy X-rays and r-rays, low
penetration for 17 mm soft tissues, and long half-time for
59.6 days. Therefore, their radiation doses can focus on
the tumors killing the tumor cells without injury to
adjacent normal organs. And persistent low-dose expo-
sure can significantly increased the biological effect on
tumor tissue, and lead to complete destruction of DNA,
cell apoptosis, and necrosis [12]. Our histological results
conformed '*°I seeds could lead to significant necrosis
with no cell structure. Clinically, the implantation of '*°I
seeds can be guided by CT and B-ultrasound with a
minimally invasively percutaneous approach or directly
implant during operation. To evaluate the efficacy of
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«Fig. 1. The FDG uptake on the "®F-FDG PET/CT. A Tumor
parenchyma presented high FDG uptake before treatment in
the '2°| seeds group. B After the '2°| seeds brachytherapy,
tumor necrosis region showed no obvious FDG uptake, and
seeds showed no FDG uptake with a small amount of CT
hardening artifact. C Tumor presented high FDG uptake with
spot necrosis with no FDG uptake in the control group. D The
FDG uptake slightly increased after 5 days in the control
group.

Table 1. The mean SUVmax and ADC values in '*I seeds group and
control group in each time point

1251 seeds group Control group p value
Mean + SD Mean + SD
SUVmax
Day 0 1.447 + 0.4776 1.253 £ 0.3096 0.295
Day 5 0.334 £ 0.1697 1.430 £ 0.4296 < 0.001
ADC
Day 0  0.000813 4+ 0.0001705  0.000793 £ 0.0001818 0.803
Day 5 0.001139 4 0.0000953  0.000837 &+ 0.0001443 < 0.001

Data are the mean + SD

Day 0, before treatment; Day 5, after 5 days of initiating treatment;
ADC, apparent diffusion coefficient, mmz/s; SUVmax, maximum
standardized uptake value

brachytherapy with '?°I seeds for PDAC, the previous
morphologic evaluation of tumor size has not been suf-
ficient to evaluate the response. We designed an animal
trial of PDAC, and attempted to evaluate the efficacy of
1251 seeds brachytherapy for PDAC from molecule levels
by noninvasive and functional imaging modalities.

"F_.FDG PET/CT is a functional imaging mentality
that provides unique molecular and metabolic informa-
tion based on glucose uptake. Clinically, '*F-FDG PET/
CT is increasingly used in patients with PDAC for pre-
operative diagnosis, staging, lymph node and distant
metastasis, as well as early therapy response evaluation
[2]. In animal studies, Micro-PET/CT has also been used
for early PDAC detection and efficacy evaluation [13].
Some studies have shown that SUVmax is a valuable
parameter for monitoring and evaluating the efficacy of
PDAC [2]. We use Micro-PET/CT to monitor the '*I
seeds brachytherapy for PDAC xenografts. In our study,
all PDAC xenografts showed high FDG uptake on '*F-
FDG PET/CT images. And after the '*’I seeds
brachytherapy for PDAC xenografts, the '"*F-FDG up-
take decreased significantly. While in the control group
the FDG uptake showed a tendency of increase even
though without statistical differences. These results sug-
gested that '>I seeds brachytherapy had anti-tumor ef-
fect and was able to effectively inhibit tumor cell
proliferation. Shah et al. [9] used '*F-FDG PET/CT to
evaluate the therapeutic response anti-EMMPRIN in
PDAC xenografts, and got the similar results that the
BE.FDG uptake decreased.

Moreover, we used ADC values provided by DW-
MRI to evaluate the brachytherapy response. ADC is
reported as a valuable biomarker to reflect tumor cell
density. The high tumor cell density can increase extra-
cellular water diffusion barrier from tumor cell mem-
brane leading to the reduced ADC. Malignant tumors
usually have the less ADC values due to active cell
proliferation and high cell density. DW-MRI was first
applied to the diagnosis of acute cerebral infarction, and
then had important values in brain tumor, liver tumor,
breast cancer and pancreatic tumor diagnosis and dif-
ferential diagnosis [14]. Recently, the ADC was used to
monitor the efficacy after chemotherapy of PDAC. Our
studies showed '*°I seeds brachytherapy could induce the
pathological changes of PDAC with significant necrosis
[10]. The necrosis of tumor cells caused cell membrane
rupture, cell density decrease, and residual tumor cells
arranged loosely with increased cell gap. And then the
pathological changes caused the ADC changes. In order
to avoid potential interference introduced by central
necrosis, the peripheral ADC values (within a 1-mm shell
from the outer surface) were used for evaluation of re-
sponse to therapy [15]. This study showed that after early
1251 seeds brachytherapy, the ADC values of tumor tissue
were significantly increased. And the increase in ADC
could be explained by the loss of overall cell density,
decreased cell density, and increased extracellular space,
which makes water molecules more free [6]. Okada et al.
[16] also found pretreatment ADC value appeared to be
a predictor of response to neoadjuvant therapy in pa-
tients with pancreatic carcinoma.

In the current study, we found a correlation between
SUVmax and ADC values. SUVmax revealing tumor
metabolism reflects cell proliferation and cell density.
ADC values mainly reflect tissue cellularity and cell
density. The negative correlation of SUV and ADC is
thus reasonable since both parameters reflect cell density.
The result is in agreement with several other studies.
Sakane et al. [17] found ADC was significantly and
negatively correlated with SUV in pancreatic adenocar-
cinomas. Other studies also indicated the correlation
between SUV and ADC in lung cancer, cervical cancer,
and rectal cancer [18-20]. They also got the similar re-
sults. These results indicate the comparability between
SUVmax and ADC. But Goense et al. [21] found the
tumor ADC and SUYV showed negligible nonsignificant
correlations in newly diagnosed esophageal cancer. Al-
though the correlation between SUV and ADC may still
be a controversial issue, these two parameters can
accurately predict therapeutic response. Therefore, more
work needs to be done in order to determine how to
interpret these biomarkers in a complementary way.

We recognize several limitations to our study. Our
in vivo study was obtained in a limited number of ro-
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Fig. 2. The ADC change. A PDAC xenografts showed high
signal intensity on DW-MRI. B And PDAC xenografts showed
low signal intensity on ADC maps. C After the '2°| seeds
brachytherapy, seeds showed no signal on DW-MRI. D And
tumor showed slight hyperintensity on ADC maps in the '2°I

dents using PET/CT and DW-MRI. In addition, we used
a clinical MR scanner with limited spatial resolution.
Furthermore, we could not ensure the complete same

seeds group after 5 days. E The DW-MRI of tumor in the
control group at baseline. F The ADC maps of tumor in the
control group at baseline. G The DW-MRI of tumor in the
control group after 5 days. H The ADC maps of tumor in the
control group after 5 days.

location within tumor to measure the SUVmax and
ADC. Future studies will have to perform the experiment
by fusing MRI and PET/CT data sets or using PET/
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Fig. 3. H&E staining findings. A In the 25 seeds group,
there was significant necrosis around seeds with no cell
structure and the residual tumor cells arranged loosely and
appeared karyopyknosis. B In the blank seeds group, the
tumor tissue showed no or a small amount of necrotic area,
the tumor cells arranged closely, cells nuclear deeply dyed,
and appeared more mitotic activity.

MRI. Moreover, future prospective studies using high-
field animal MRI to enhance spatial resolution are nee-
ded.

In conclusion, early treatment monitoring of
brachytherapy using the imaging modalities '*F-FDG
PET/CT and DW-MRI in a PDAC model is possible. This
correlation between SUVmax and ADC indicates DW-
MRI is potentially capable of offering similar information
for treatment response evaluating as PET/CT does.
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