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Objective: Radiation therapy for cancer can lead to
atherosclerosis by inducing inflammatory changes in
the vascular wall. It is difficult to quantitatively measure
inflammation on CT and MRI studies. The purpose of this
study was to assess the use of ferumoxytol, an ultrasmall
superparamagnetic iron oxide nanoparticle, as a nonin-
vasive marker of vessel wall inflammation secondary
to radiation therapy in pancreatic cancer patients in
comparison with healthy volunteers.

Methods: MRI of upper abdomen (T;, T,, multi echo T,*
weighted imaging) was performed on 3 T magnet before
and 48h after intravenous administration of ferumoxytol
in pancreatic cancer patients who underwent radia-
tion therapy (n = 8) and in healthy volunteers (n = 8).
R,* value was obtained by drawing regions of interest
outlining the aortic wall directly on the T,* medic image
and subsequently transposed to the R,* image using

INTRODUCTION

Radiation therapy for cancer through increased inflam-
mation may promote the accelerated development of
atherosclerosis.! Specifically, vasculature exposed to
significant amounts of radiation, which incites cell death
and oxidative damages, alters the homeostasis between
the proinflammatory MI1-macrophages and anti-in-
flammatory M2-macrophages, triggering
inflammation. It is universally accepted that increased
inflammation accelerates atherosclerosis and in turn this
leads to an increased risk to suffer from cardiovascular
events.>” Current MRI techniques are very limited to
quantitatively measure inflammation, mostly driven by
lack of suitable contrast agents. Vascular inflammation

increased

Amira software (v. 5.3.2, FEIl, Bordeaux, France). The
change in Ry* values was analyzed by student’s t-test.
Results: The average change in R,* value of the pancre-
atic cancer patients was determined to be 2161ms™.
The average change R,* value of the control patients
was determined to be 54.6 ms™. Thus, pancreatic cancer
patients following radiation therapy had a greater
uptake of ferumoxytol (p = 0.0082) in their aortic wall as
compared to healthy controls.

Conclusion: This proof of concept study suggests that
greater uptake of ferumoxytol in the aortic wall in cancer
patients without visible atherosclerosis may be the
expression of increased inflammation.

Advances in knowledge: Ultrasmall superparamagnetic
iron oxide enhanced MRI can offer an imaging biomarker
for quantitative estimation of aortic inflammation
preceding atherosclerosis.

can be depicted by fludeoxyglucose-positron emission
tomography (FDG-PET)* but the technology is limited
in its spatial resolution and the limited specificity of
FDG as it is taken up not only by macrophages but also
by other metabolically active cells.” However, due to
high phagocytic activity, macrophages and monocytes
are ideal targets for ultrasmall paramagnetic iron oxide
(USPIO).® Ferumoxytol, a USPIO, is a negative contrast
agent on T,*/R,* weighted imaging with selective uptake
by macrophages apart from its expanding vascular appli-
cations particularly in pediatrics and patients with renal
failure.”® The purpose of this proof of concept study was
to assess the uptake of ferumoxytol in pancreatic cancer
patients as compared to healthy volunteers.
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METHODS AND MATERIALS

Patient and control population

This institutional review board approved single center,
Health Insurance Portability, and Accountability —Act
compliant study drew the pancreatic cancer patients who
underwent preoperative neoadjuvant therapy (with 25 Gy
of proton beam radiation and concurrent capecitabine)
(n = 8) and healthy volunteer controls (# = 8) from two different
larger prospective studies. The pancreatic study’ was aimed at
detection of lymph node metastasis following administration
of USPIO ferumoxytol. Healthy volunteer controls were drawn
from the study aimed at detection of pancreatic inflammation
in Type 1 diabetes'® (NCT01521520). Abdominal CT scans of
pancreatic cancer patients were screened to exclude any focal
atherosclerotic plaques in the abdominal aorta to limit the
evaluation of R,* changes to the aortic wall itself. The duration
between completion of preoperative neoadjuvant therapy and
USPIO enhanced scan was also recorded.

Contrast agent

The patients and controls both received 6 mg kg™ of ferumoxytol
(AMAG Pharmaceuticals, Lexington, MA) with a maximum dose
of 510 mg (17 ml). Ferumoxytol is a USPIO nanoparticle with
average particle size of 30 nm and molecular weight of 750 kDa.
The agent is a semisynthetic carbohydrate polyglucose sorbitol
carboxymethylether coated non-stoichiometric magnetic core,
available as a sterile, neutral PH containing 30 mg of elemental
iron per ml. Ferumoxytol is currently approved for treatment of
iron deficiency anemia in chronic renal disease. The dose depen-
dent t1/2 is approximately 14.5 h at a dose of 4 mg kg™". Feru-
moxytol was administered intravenously by hand injection at 1
ml per second rate followed by a saline flush of 10 ml. Following
the study visit completion, the patients and controls were evalu-
ated for adverse events.

MRI and image analysis

MRI of the upper abdomen was performed at 3 T system
(Magnetom Trio, A Tim System; Siemens, Erlangen, Germany)
using an 8-channel phased array body coil, before, and 48 h after
the intravenous administration of ferumoxytol. The 48 h time
point post-ferumoxytol administration was chosen to allow its
accumulation in the tissues. Pancreatic cancer patients were
imaged within 2 weeks of undergoing neoadjuvant therapy.
Imaging duration ranged from 30 to 45 min. T} volumetric inter-
polated breathhold examination (T1 VIBE) (echo time = 0.9 ms,
repetition time = 2.9 ms, Voxel size 1.4 x 1.4 x 3.5 mm), a T,*map
(repetition time = 534 ms, echo time = 4.8, 9.5, 14.3, 19.1, 23.8,
and 28.6 ms, voxel size = 1.86 x 1.86 x 4 mm) and a multiecho
data image combination (MEDIC) (voxel size = 1.86 x 1.86 x
4 mm) sequences were used. Wall of the entire abdominal aorta
from diaphragmatic hiatus to iliac bifurcation was segmented in
consensus by two radiologists (with 8 and 23 years of experience
in reading aortic and abdominal MRI scans, respectively) on
either the MEDIC or a single echo of the T,* map manually in
Amira software (v. 5.3.2, FEL, Bordeaux, France) and transposed
onto the R,* map, an inverse of the T,* map, image. Nearest
neighbor interpolation was used if the Cartesian coordinates
were altered between scans. The segmentation was reviewed on
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the MEDIC or single echo T,* image and on the R,* map image
by a board-certified radiologist and the mean R,* value was calcu-
lated. The two-dimensional image visualization was performed is
Osirix (Pixmeo SARL, Geneva, Switzerland) by overlaying the
segmented aortic wall R,* data in pseudocolor over the regis-
tered T; VIBE image. The three-dimensional image visualization
was performed in Amira using a volume rendered T VIBE regis-
tered with the segmented aortic wall, also in pseudo color.

Statistical analysis

The analysis was performed using GraphPad Prism (v. 7.0c,
La Jolla, CA). Categorical variables were expressed as frequen-
cies and percentages. Continuous parametric variables were
expressed as mean * standard deviation. The change in Ry*
values was analyzed by unpaired t-test with Welch’s correction.
p-Value < 0.05 was considered as statistically significant.

RESULTS

The pancreatic cancer group comprised of four females and
four males with an average age of 69 years. Within this group
the average age of the four females was 71 + 21.7 years and the
average age of the four males was 67 + 14.3 years. The healthy
volunteer control group included two females and six males with
an average age of 29.5 years. In the control group, the average age
of females was 29 + 1.4 years and the average age of males was
29.7 + 2.9 years. The baseline aortic wall R,* in pancreatic cancer
group was 83.8 ms™' [95% confidence interval (CI) (160.8-
106.8 ms™!)]; similar to 89.42 ms™! in healthy volunteers [95%
CI (73.1-105.8 ms™})]. The R,*of the aortic wall 48 h following
ferumoxytol administration was 300 ms™ [95% CI (184.6-
4154 ms ] in pancreatic cancer group and 144.1 ms~! [95%
CI (95.3-192.8 ms™!)] in control group. The average change in
R,* value of the pancreatic cancer patients was determined to be
216.1 ms™' [95% CI (113.6-318.8 ms™!)]. The average change R,*
value of the healthy volunteer control was determined to be 54.6
ms ! [95% CI (6.9-102.4 ms™)] (Table 1). The average change
in R,* was significantly higher in pancreatic cancer patients in
comparison with healthy volunteers (p = 0.0082) (Figures 1 and
2). No adverse events following administration of ferumoxytol
were reported in the study population.

DISCUSSION
Following non-lethal radiation doses, there is more local than
systemic effect on vascular wall as indicated by animal model

Table 1. Demographic comparison between pancreatic cancer
patient and healthy volunteer groups

Case Control p-value
Male (n=) 4 6 -
Female (n=) 4 2 -
Average age 69 29.5 -
Average BMI 26.54 25.56 -
Average baseline Ry* 83.83 89.42 0.1644
Average delta Ry* 216.2 54.67 0.0082

BMI, body mass index;
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Figure 1. Pseudocolorized images showing aortic wall R,* map superimposed on the T; weighted axial images. (A) baseline and
(B) at 48 h show no significant aortic wall uptake (arrows) in 31-year-old male who was a healthy volunteer in comparison with a
62-year-old male with pancreatic cancer patient [baseline, (C) and 48 h, (D)] who showed significant ferumoxytol uptake.

11,12

studies showing unchanged systemic inflammatory markers.
This leaves the scope of developing non-invasive methods to
detect the vascular inflammation in humans before this inflam-
mation progresses to full-blown atherosclerosis, thereby leading
to major vascular events. Our study demonstrates increased
accumulation of ferumoxytol as a surrogate marker of inflam-
mation in aortic wall post-neoadjuvant therapy as early as 2
weeks in comparison with healthy volunteers. There was no
significant difference in the baseline R,* in two groups, which
is expected given the absence of focal abdominal aortic athero-
sclerotic disease on abdominal CTs. Because radiation is targeted
to a particular anatomical segment, we decided to focus on
the abdominal aortic wall, which lies in the radiation field for
pancreatic cancer patients. As the evaluation was focused on
the abdominal aortic wall without any focal atherosclerotic
lesion, we decided to segment entire aortic wall and compare

the average R,*. The average change in the R,* was significantly
different in pancreatic cancer patients post neoadjuvant therapy
when compared to the healthy volunteers, a trend similar to
prior studies performed on carotid arteries wherein there was
significant difference in healthy vs segments of carotid arteries
not affected by plaque in patients with carotid stenosis."> The
USPIO uptake was able to distinguish between symptomatic
vs asymptomatic plaques, predict future cardiovascular events,
and was correlated with number of macrophages in endarter-
ectomy studies.'*”"? A prospective multicenter study recently
demonstrated the utility of ferumoxytol in detecting cellular
inflammation in aortic wall in patients with abdominal aortic
aneurysm. The degree of USPIO accumulation predicted the
rate of aneurysm growth as well of risk of rupture.?’ USPIO can
also play a role in assessing atherosclerotic plaques at the risk
of rupture. Kooi et al demonstrated accumulation of ultrasmall
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Figure 2. Bar graph (E) shows R,* values pre, 48 h post-ferumoxytol injection and R,*difference (delta) between healthy controls

and pancreatic cancer cases.
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superparamagnetic iron oxide nanoparticles in macrophage rich
rupture prone and ruptured carotid plaques.”' USPIO uptake in
absence of plaque in post neoadjuvant therapy patients is indic-
ative of indirect evidence that the macrophages start infiltrating
the aortic wall as early as 2 weeks post neoadjuvant therapy, an
important observation from this study.

The change in R,* in healthy volunteers can be explained by feru-
moxytol in the blood pool within the vasa varosum supplying the
aortic walls."® Two potential observations remain to be explored
are how these macrophage accumulate evolve overtime and the
average duration from the radiation to plaque formation. A
larger sample size study with multiple time points of USPIO-en-
hanced MRI scans post-radiation would be ideal to fill our
knowledge gaps in this regard. USPIO-enhanced imaging offers
an assessment of pre-clinical atherosclerosis beyond mere iden-
tification and categorization of the degree of stenosis. When used
with clinical scanners, R,* quantification of the aorta on USPIO-
enhanced scans is feasible and can serve as a surrogate marker of
inflammation, a predecessor of atherosclerosis. Because of this,
radiation therapy-induced atherosclerosis could potentially be
diagnosed earlier on due to its inflammatory nature.

We did not encounter any adverse events after intravenous
administration of ferumoxytol. Although the data on adverse
events after intravenous ferumoxytol as an off-label imaging
indication is limited, Vasanawala et al. reported a single adverse
event out of approximately 2000 patients.**

Small sample size and single center study are some of the major
limitations of our study. The aortic wall is between 0.5 and 2 mm
and the contouring required zooming of images, which have
affected the image resolution. The magnitude of change in R,*
is likely under-represented in our study as the peak inflamma-
tion in arterial walls happen in 22-34 weeks as opposed to within
2 weeks post-treatment in our study.'> We did not assess small
arteries that were in the field of radiation therapy such as mesen-
teric vessel, however, radiation-induced atherosclerosis typically
affects medium to large vessels.”> Comparison of age matched
aorta was not performed in our study. Such comparison may
show different degree of average change in R,* between the two
groups as shown by Smits et al in their observation on segments
of carotid arteries with no plaques compared to segments with
plaques both from same patient.'?

Ferumoxytol can offer a noninvasive, quantitative assessment
of vascular inflammation following radiation therapy in cancer
patients. In conclusion, ferumoxytol enhanced MRI offers a
novel, quantitative radiation-free imaging marker of inflamma-
tion to inform therapeutic decisions and image therapy-medi-
ated changes.
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