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Original Research Article 
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A B S T R A C T   

Background and purpose: In accelerated partial breast irradiation (APBI), accurate definition of the tumour bed is 
crucial to reduce the risk of local recurrence and the volume of healthy tissue irradiated. Recently, hydrogels 
have been proposed to improve visibility of the lumpectomy cavity for APBI. The aim of this study was to alter 
two commercially available hyaluronic acid (HA) gels, with gadopentenate dimeglumine (GD), a magnetic 
resonance imaging (MRI) contrast agent. We hypothesize that after injection in the surgical cavity, the mixtures 
will be visible with computed tomography (CT) for improved treatment planning, cone-beam CT (CBCT) for 
improved patient setup and planar kilovoltage (kV) x-ray for real-time tracking during treatment. 
Materials and methods: In this ex vivo study, GD was mixed with the two HA gels, and 1 mL of each mixture was 
injected into fatty and muscular tissue of a pork phantom. Visibility with CT, CBCT and planar x-ray imaging was 
assessed. Contrast-to-noise ratios (CNR) were measured and compared to commercially available iodinated 
polyethylene glycol (PEG). 
Results: The gel mixtures showed increased visibility over HA gels without GD. When comparing CNR of the gel 
mixtures to that of iodinated PEG on CT, there was a 4-fold increase in muscle for both mixtures and a 1.6-fold to 
3.6-fold increase in fat, depending on the HA gel. Gel mixtures showed better visibility with planar kV imaging 
over iodinated PEG. 
Conclusion: Addition of GD to HA gels increases visibility with CT, CBCT and planar x-ray imaging, indicating 
potential for improved delineation and positioning in APBI.   

1. Introduction 

Breast cancer is frequently diagnosed at an early stage because of the 
implementation of screening programs [1,2]. For these patients, breast- 
conserving surgery (BCS) followed by whole breast radiotherapy is the 
standard treatment and has demonstrated excellent survival rates and 
local control equivalent to mastectomy [3,4]. This treatment provides 
improved cosmetic outcomes and quality of life [5]. In accelerated 
partial breast irradiation (APBI), only the part of the breast surrounding 
the tumour bed is irradiated [6–8]. It reduces the amount of tissue 
irradiated and helps to reduce the amount of radiation scattered to the 
body, possibly providing a survival advantage in reducing the risk of 
death from secondary cancers [8]. For well selected low-risk patients, 

large multicenter randomized clinical trials have shown equivalent 
oncological outcomes for whole breast irradiation and APBI using 
brachytherapy [9–11], external 3D conformal radiotherapy [12,13], and 
intraoperative therapy [14,15]. 

APBI requires accurate target delineation for treatment planning, as 
well as a precise target localization during treatment since a 
geographical miss can lead to an increased risk of local recurrence and 
toxicity. The tumour bed is often easily identified on the planning 
computed tomography (CT) after superficial closure during BCS because 
of the development of a seroma. However, surgeons are increasingly 
performing full-thickness closure (FTC) of the excision cavity, as it re-
sults in a lower risk of post-surgical infection [16,17] and improved 
cosmesis [18]. The disadvantage of FTC is that it can hinder the 
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visualization of the tumour bed on planning CT images. Seromas are 
often absent after FTC, making it difficult to contour the tumour bed. A 
study done by den Hartogh et al. [19] showed that localization of the 
tumour bed after FTC is imprecise on both CT and magnetic resonance 
imaging (MRI). 

To increase the accuracy of target delineation, insertion of surgical 
clips in the tumour bed is recommended [20]. However, the target 
delineation based on clips has poor inter-observer agreement following 
oncoplastic surgery using FTC [19]. Due to the high atomic number of 
the clip materials, artifacts are often present in CT images, hindering 
accurate contouring. It has been reported that the positioning is not 
systematic, and often varying numbers of clips are used [21]. 

In recent years, injectable hydrogels have been used as spacers to 
separate critical structures from high dose areas, such as in prostate 
radiotherapy to spare the rectum [22]. Struik et al [23] showed that 
iodinated polyethylene glycol (PEG) injected at the time of lumpectomy 
resulted in high inter-observer agreement of APBI target definition. This 
iodinated PEG was well visible with CT, but not with planar kilovoltage 
(kV) imaging. There were also issues with dilution of the hydrogel over 
time due to seroma production. 

An optimal gel marker would be clearly visible with CT and MRI for 
ease of treatment planning, as well as on kV cone beam CT (CBCT) and 
planar kV portal imaging for improved patient set-up. Visibility with 
planar kV imaging would be useful for motion tracking systems.Visi-
bility with ultrasound is also a priority as the hydrogels could also be 
injected in the cavity under US guidance just before the planning CT to 
avoid dilution issues. 

In this article we report the use of a high-Z gadolinium (Gd) contrast 
agent mixed with different injectable hyaluronic acid (HA) spacers. The 
purpose of this work was to evaluate two different commercially avail-
able HA spacers mixed with a gadolinium-based contrast agent, and 
compare CT, CBCT and planar kV imaging visibility in a pork phantom 
with iodinated PEG using contrast to noise ratio (CNR). The hypothesis 
was that the final product would enable improved treatment planning, 
patient set-up and target tracking compared to an existing iodinated PEG 
commercial product. 

2. Materials and methods 

2.1. Mixing HA gels with Magnevist® 

Barrigel® (Palette Life Sciences, Santa Barbara, CA) is an injectable 
hyaluronic acid (HA) prostate spacer. Solesta® (Palette Life Sciences, 
Santa Barbara, CA) is an injectable gel which consists of dextranomer 
microspheres and stabilized HA in phosphate-buffered saline solution, 
used to treat fecal incontinence. Magnevist® (Bayer AG, Leverkusen, 
Germany) is a well-known MRI contrast agent. Its high atomic number 
makes it an ideal solution to mix with the HA gels to allow visibility with 
CT, CBCT and planar kV imaging. 

The first step was to define the optimal concentration of Magnevist® 
to ensure visibility in planar kV imaging. We aimed to develop a Gd- 
modified HA gel with an attenuation twice that of a dense biological 
material typically seen on portal imaging. We chose a sphere of cortical 
bone with a radius of 1 cm as an attenuation reference. Knowing the 
density of cortical bone (1.92 g/cm3), the fraction of calcium by weight 
(0.255), the density and Gd fraction of Magnevist® (0.0786 g/mL) and 
that the photoelectric effect is proportional to the atomic number cubed, 
we calculated the amount of Magnevist® needed. 

The concentration of Magnevist® needed to have twice the attenu-
ation of cortical bone was 35% (v/v), so 1.05 mL of Magnevist® was 
added to 2.95 mL of Barrigel® and Solesta® separately. However, this 
resulted in loss of HA-based gel consistency in both cases, rendering it 
useless. Further mixing trials showed that the maximum concentration 
of Magnevist® in Barrigel® and Solesta® without loss of consistency 
was 20% (v/v) and 33% (v/v), respectively. These concentrations were 
used for our experiments. 

HA-based gels were removed from the syringe into a jar and the 
calculated volume of Magnevist® was added and mixed by hand. The 
mixture was then placed in another syringe for injections. 

2.2. Phantom imaging 

Barrigel® and Solesta® (1 cc) without added contrast were injected 
into fatty and muscular tissue of a pork phantom. The pork phantom was 

Fig. 1. CT slices (120 kVp) showing the injections of Barrigel® and Solesta® in fat (dark tissue) and muscle (lighter tissue). One injection of Barrigel® did not make it 
into the muscle and was injected into fat a second time. 
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taped on a Rando Phantom (RSD, Long Beach, CA) to mimic a human 
breast. CT-simulation (GE Healthcare, Boston, MA) was acquired with 
images of 1.25 mm and 2.5 mm slice thickness at 80, 120 and 140 kVp to 
determine the optimal parameters for future experiments. Metrics of 
success included visibility (identification against muscle or fat) and the 
presence of artifacts. 

One cc of the two HA gel mixtures and of iodinated PEG was injected 
into fatty and muscular tissues of a second pork phantom. The phantom 
was first imaged with CT using a standard clinical breast protocol at 2.5 
mm slice thickness and 120 kVp. CBCT was performed using a Truebeam 
2.0 STx platform (Varian Medical Systems, Palo Alto, CA) with a source 
to imager distance of 150 cm. Two clinical protocols were used: a thorax 
protocol (125 kV, 270 mAs) that would typically be used in the clinic, 
and a head protocol (100 kV, 150 mAs) with a lower kV to possibly 
increase contrast. Planar kilovoltage imaging was performed using two 
standard clinical protocols: a thorax, arms up protocol (120 kV, 2.56 
mAs) and a head protocol (70 kV, 5 mAs). The images were acquired 
laterally, both left–right and right-left. In a separate experiment aiming 
at improving the image contrast, the field size of the kV images was 
adjusted from 20 × 26 cm2 to 9.5 × 14 cm2 to encapsulate the pork 
phantom only and avoid scattered photon contamination from the 
Rando phantom. 

2.3. Image quality analysis 

The images were analyzed using standard CNR, which was defined 
as: 

CNR =
|SROI − SB|

σB  

where SROI represents the average signal of a region-of-interest (ROI) in 
the image, SB is the average signal within an ROI of the same size in the 
background material (fat or muscle), and σB is the standard deviation of 
the background ROI. SROI was calculated as the mean pixel value of a 
rectangular ROI within the gel volumes. All values were averaged over 5 
slices, with various ROI sizes per slice, except for the images of Barrigel® 
and Solesta® without Magnevist®; for these experiments, 3 slices were 
used. CNR calculations were done using Matlab vR2019a (The Math-
Works, Natick, MA). 

3. Results 

3.1. CT Imaging and CNR 

Visibility of both gels was better in fat than in muscle (Fig. 1). Out of 
note, one injection of Barrigel® missed the muscle and was injected into 
fat a second time. The best quality images were obtained using the 
standard 120 kVp and 2.5 mm slice thickness breast protocol. Thinner 
slices and lower energy resulted in increased artifacts. All future CT 
scans were performed with 2.5 mm slice thickness and 120 kVp. For the 
CBCT scans, 100 and 125 kVp were used. 

Fig. 2 shows that the addition of Magnevist® increased visibility of 
the gels in fatty and muscular tissue of the pork phantoms.. CBCT images 
of these phantoms can be found in the Supplementary Material. No ar-
tifacts were present in these CT or CBCT images. 

Table 1 shows the calculated CNR (mean ± standard deviation) in 
the CT images for all injections in fatty and muscular tissue. Comparing 
the Barrigel® + Magnivist® mixture with Barrigel® alone, there was an 
increase of the CNR by a factor of 5 in muscle and 4 in fat. For Solesta®, 
there was an increase in the CNR by a factor of 20 in muscle and 12 in fat 
after the addition of Magnevist®. The CNR increased 4-fold when 
comparing both gel mixtures to the iodinated PEG in muscular tissue. In 
fatty tissue, the increase was 1.6-fold for Barrigel® + Magnivist® and 
3.6-fold for Solesta® + Magnevist®. 

These CNR measurements were repeated for the CBCT images. The 
resulting CNR values can be found in the Supplementary Material. 
Barrigel® and Solesta® without Magnevist® were not visible with CBCT 
imaging, both at 100 kVp and 125 kVp. For the thorax protocol (125 
kVp), the CNR of the gel mixtures increased 2-fold compared to the 
iodinated PEG in muscle. In fat there was no relevant change. For the 
head protocol (100 kV), the CNR of the Barrigel® + Magnivist® mixture 
increased 4-fold and the CNR of the Solesta® + Magnevist® mixture 
increased 5-fold compared to the iodinated PEG in muscle. In fat, the 
CNR of the Barrigel® + Magnivist® mixture increased 2.6-fold and that 
of the Solesta® + Magnevist® mixture increased 4.4-fold. 

Fig. 2. Top row. CT slices (120 kVp) showing the injection of the gel mixtures in fat and muscle. B + M = Barrigel® + Magnevist®, S + M = Solesta® + Magnevist®. 
Bottom row: CT slices (120 kVp) showing the injections of iodinated PEG in fat and muscle. 

Table 1 
CNR (±standard deviation) of CT-sim images (120 kVp).   

Barrigel® Solesta® B þ M S þ M I-PEG 

Muscle – 3.3 ± 0.4 68.3 ± 15.7 69.4 ± 14.7 15.6 ± 3.2 
Fat 10.6 ± 5.4 8.2 ± 5.8 43.4 ± 13.8 100.9 ± 21.7 27.7 ± 11.9  
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3.2. Planar kV Imaging 

The two Gd-modified HA gels were both visible in planar kV imaging 
after being injected into fatty and muscular tissue (Fig. 3a). The Solesta® 
+ Magnevist® injection in fat was difficult to find. Reconstructed 
sagittal CT slices helped with locating this injection (Supplementary 
Material Fig. 2). In contrast, only one injection of the iodinated PEG was 
visible (Fig. 3b). These results were also seen with the other imaging 
protocol used. The visibility of the injected Gd-modified HA gels was 
slightly increased using collimation, as can be seen in Fig. 4. 

4. Discussion 

This study demonstrates that Magnevist® added to HA-based gels 
injected into a biological tissue phantom provides immediate visibility 
and increased CNR in CT, CBCT and planar kV imaging compared to 
previously studied iodinated PEG. The use of HA-based gels containing 
Magnevist® is promising to further improve radiotherapy target defi-
nition. Visibility with CT and CBCT is similar for the iodinated PEG and 

the HA-gel mixtures used in this study, however, visibility with planar 
kV imaging is superior for the HA-gel mixtures. 

The use of iodinated PEG injected into the surgical cavity has been 
shown to improve the interobserver agreement in breast radiotherapy 
target definition, however there were issues with dilution due to seroma 
formation [23]. HA gels have been used as spacers in radiotherapy [22] 
and have recently been studied as a tumour bed marker in BCS [24]. 
Both these studies showed that interobserver variability in delineation 
increased with the use of injected gels. The visibility of these gels on kV 
imaging was not studied. The gadolinium modified HA gels in this study 
could also improve delineation while aiding with patient setup and 
target tracking due to visibility in planar kV imaging. 

Currently, target delineation for planning and patient positioning for 
breast cancer patients is mostly done using surgical clips. The gel mix-
tures offer several advantages over surgical clips. Surgical clips are made 
of either titanium (Z = 22) or tantalum (Z = 73). Tantalum is better seen 
on portal imaging, but it causes streak artifacts on CT images, making 
the contouring of the seroma more challenging [25]. Gadolinium also 
has a high atomic number (Z = 64), but dispersing it in a gel may prevent 
the occurrence of artifacts, depending on the concentration and x-ray 
energy. Fig. 2 shows no artifacts due to presence of Magnevist® at the 
current concentration. The HA-gel mixtures are located within the entire 
tumour bed, whereas clips are pushed into the walls and mark them at a 
limited number of locations and may not accurately represent the 
original tumour site [26]. Using the HA-gel mixtures may provide the 
radiation oncologist with more information on the tumour bed location 
and extent, resulting in less variability in delineation. Movement of 
surgical clips between surgery and treatment is a possibility, requiring 
increased planning target volumes [27]. 

Both Barrigel® and Solesta® provided increased CNR over the 
iodinated PEG. Gadolinium has a higher atomic number than iodine (Z 
= 53) offering a major advantage in x-ray absorption with kV imaging, 
as the photoelectric effect is dominant in this energy range and is pro-
portional to Z3. Since the Solesta® mixture had a higher concentration of 
Magnevist®, its CNR was higher than that of the Barrigel® mixture for 
CT and CBCT. The CBCT head protocol utilizes a lower kV than the 
thorax protocol (100 kV vs. 125 kV). The differences in CNR between the 
Gd-modified HA gels and iodinated PEG were larger with the head 
protocol. With lower kV, contrast can be increased due to greater dif-
ferences in attenuation between materials. 

Fig. 4 shows that reducing the field size with planar kV imaging in-
creases the contrast and visibility of the gel mixtures. This can be 
explained by the fact that decreasing the field size reduces the amount of 

Fig. 3. (a) Planar kV image (70 kVp) of a pork phantom injected with the gel mixtures. (b) Planar kV image (70 kV) of a pork phantom injected with iodinated PEG. 
Visible injections circled in red. 

Fig. 4. Planar kV images (70 kVp) of Gd-modified HA gels injected into a pork 
phantom. (a) Field Size of 20 × 26 cm2. (b) Field size of 9.5 × 14 cm2. The top 
injection is B + M and the bottom injection is S + M (same window width 
and level). 
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scattered radiation reaching the detector. An added benefit is that it 
reduces the dose to the patient. When imaging laterally, contralateral 
breast tissue can obstruct visibility of the gel mixtures. In this case, 
reducing the field size can help to increase contrast. The field size can be 
reduced to encompass the breast only or only the tumour bed inside the 
breast. The field sizes used in this study are realistic values that could be 
used in the clinic, depending on patient size. 

Before implementing the use of HA-gel mixtures in clinical practice, 
injection parameters need to be optimized. In this study, 1 cc of gel was 
injected in each case. We have not performed tests varying the injected 
volume and it should be optimized to minimize expansion of the target 
volume but ensure visibility of the entire cavity. Also, the CNR may be 
proportional to the shape of the injection. The CNR is higher when the 
HA-gel mixture has a compact shape rather than spread out over a larger 
volume. In this study, the injections were performed without ultrasound 
guidance, but in the clinic, ultrasound will be used to guide post-
operative injections. Pork phantoms don’t mimic the exact tissue types 
in a breast. Patients may have several breast densities that can impact 
the visibility of the injections. The gel will be injected in a cavity sur-
rounded by fatty or fibroglandular tissues. This will help to guide and 
improve the injection shape. 

The visibility of the HA-gel mixtures inside the tumour bed on planar 
kV imaging can enable real-time tracking during treatment. The Syn-
chrony® Respiratory Tracking System for the Cyberknife® (Accuray Inc, 
Sunnyvale, CA) tracks and corrects for patient motion during treatment 
with repeated orthogonal planar kV images of internal markers and an 
external breathing signal [28]. With increased visibility after an injec-
tion of the Gd-modified HA gel, this system may be able to accurately 
track the target volume without the need to implant gold fiducials. This 
would reduce treatment burden for early-stage breast cancer patients 
treated with partial breast irradiation using Cyberknife®. 

This study only analyzed the change in CNR immediately after in-
jection of the gel mixtures. Ideally, visibility of the gel mixtures should 
remain constant for the entirety of the treatment (up to 6–8 weeks) and 
have good US visibility. The contrast agent needs to be retained within 
the gel for this period. Blood flow in the vicinity of the injection site may 
carry Magnevist® out of the gel, decreasing visibility over time. Future 
studies will need to observe the retention of the contrast agent, most 
likely through animal studies. The advantage of animal studies would be 
to have a pharmacokinetic model with physiological exchange between 
blood and tissue including potential enzymatic degradation of the HA 
gels. The HA-based gels have been shown to remain in the body for up to 
12 months when used for prostate rectum separation [29]. This indicates 
that the HA-based gels used in this study may be present in the breast at 
the time follow up imaging. It is not known whether this will affect the 
accuracy of the diagnosis of a local recurrence early during follow up. 
Future studies should include this effect. As the gel disappears from the 
body after 12 months, no problems with long-term follow up imaging 
are expected. 

In conclusion, this study shows that mixing Magnevist® with the HA- 
based gels improves visibility of the gels and results in increased CNR in 
CT and CBCT images compared to iodinated PEG. The images are free 
from artifacts and the injections are visible with planar kV imaging. The 
use of HA-gel mixtures may improve the accuracy of target delineation 
and patient positioning and enable real-time tracking of the tumour bed 
during irradiation. 
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