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Abstract 

A promising approach in oncology consists in combining Radiation Therapy (RT) with Magnetic Fluid 

Hyperthermia (MFH). Modern day RT takes advantage by imaging techniques able to provide 

information about the correct patient set-up, target position and movement during the treatments. For 

these purposes, gold fiducial markers, implanted into the tumors, or in their proximity, are used in the 

so-called Image-Guided Radiation Therapy (IGRT).

In this study, hyperthermia produced by different gold fiducial markers under the application of an 

alternating magnetic field in the typical conditions used in Magnetic Fluid Hyperthermia (MFH) clinical 

trials was investigated. The temperature increase of different types of gold fiducial markers and of 

tissue mimicking hydrogel phantoms containing the fiducials were measured during the magnetic 

stimulation by means of a high-resolution thermal camera and a fiber optic temperature sensor. 

The results demonstrated that, within few tens of seconds after the start of the magnetic stimulation, 

the gold fiducial markers might reach temperatures higher than 70°C. Local increases of the hydrogel 

temperature to values higher than 45°C were also measured. These evidences highlight the need to 

evaluate carefully the presence and location of gold fiducial markers in patients undergoing combined 

IGRT and MFH treatments in order to prevent any thermal ablation of health tissues surrounding the 

markers.

Keywords 

Gold fiducial markers, Magnetic Fluid Hyperthermia, IGRT, Thermography, Hydrogel, eddy 

currents.
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1. Introduction

Current treatment strategies for several oncological pathologies are based on the synergic 

combination of different techniques. Radiation therapy (RT) is one of the most widely used approach. 

Indeed, more than 14 million new cancer patients are diagnosed globally each year and approximately 

half of them can benefit from RT treatment at least once during the course of their disease [1].

Modern RT increasingly uses conformal delivery techniques, which require an accurate patient 

positioning and tumor targeting. This aspect is even more important in the case of irradiation of 

moving organs, e.g. organs influenced by breathing. The most used imaging techniques in the so-

called Image Guided Radiation Therapy (IGRT) are those based on X-rays [2].

In such case, millimetric or sub-millimetric radiopaque metallic fiducial markers can be implanted into 

the lesions, or in their close proximity. These markers are easily visible by X-ray imaging and allow 

target localization and patient set up verification [3,4]. Gold markers are more commonly used, as they 

provide high levels of image contrast. It is worth noting that fiducial markers based on nanostructured 

gold particles are also being developed to be used in various diagnostic and therapeutic procedures 

requiring image-guided approaches [5-7].

Meanwhile, Magnetic Fluid Hyperthermia (MFH) in combination with RT is recently gaining importance 

in oncology [8]. In MFH technique, magnetic nanomaterials (normally iron oxides nanoparticles) 

directly implanted in the tumour mass at high doses (approximately 50 mg/cm3), under the action of an 

externally applied alternating magnetic field (AMF), can generate a certain amount of local heat 

depending on the frequency f and the amplitude H of field. The success of MFH was recently 

demonstrated on glioblastoma multiform and prostate cancers in clinical trials, that certify a survival 

extension of patients had undergone the combined therapy [9,10]. At the same time, other types of 

hyperthermia that use different external stimuli (microwaves, laser, ultrasound, etc.) are implemented 

in clinical practice. For all these treatments, the reason to combine radiotherapy with hyperthermia is 

to increase the RT efficacy in cancer therapy strategies. In fact, hyperthermia could enhance blood 

flow and vascular permeability to tumor and could cause several biological processes more 
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pronounced in tumor cells, e.g. protein denaturation and damage to cytoskeleton, inducing ablation 

and eventually necrosis and apoptosis [8].

In particular, gold materials at nanoscale, properly functionalized and due to their intrinsic 

biocompatibility, are used in several therapeutic treatments as hyperthermic agents, and combined 

with RT [11-15] 

In the case of MFH treatment, the first step consists in the removal of metallic materials within 

approximately 40 cm from the tumor to avoid heat up during the procedure. Typically, these materials 

include rather massive objectives like titanium clamps, metallic fillings in teeth, crowns and implants, 

shoulder joint replacements, cardiac pacemakers, and defibrillators [16]. In fact, it is well known that 

when a conducting material is simulated by an AMF, eddy currents are induced within the conductor 

with a consequent heat release due to Joule effect. Such phenomena could occur also in gold and it is 

exploited in many industrial applications, including melting processes, if appropriate frequencies and 

magnetic field intensities are chosen. 

Aim of this study is to evaluate the level of heat that gold fiducial markers may release when 

stimulated by the application of an AMF in experimental conditions similar to those used in MFH 

clinical practice, i.e. frequency f = 109.8 kHz and AMF of 16.15 kA/m.

2. Materials and Methods

2.1 Gold fiducial markers

Three different types of gold fiducial markers (CIVCO Medical Solutions) were considered [17]:

(i) Bone Fiducial Marker: sphere, 2 mm in diameter, recommended for head and neck IGRT 

treatments; 
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(ii) Gold Soft Tissue Marker: cylinder, 3 mm long and 1.6 mm in diameter, with knurled surface 

to inhibit migration, specifically designed for IGRT at soft tissues as prostate, breast and 

abdomen;

(iii) PointCoil™ Fiducial Marker: helical coil, 5 mm long and 0.6 mm in diameter, recommended 

to minimize the artifacts in IGRT of prostate, lung and abdomen.

Images of the investigated samples are shown in Figure 1.

Figure 1. Images of the gold fiducial markers used in the study. The helical coil was partially unfolded 

in order to better show the dimensions of the gold wire.

Energy Dispersive X-Ray Fluorescence (ED-XRF) spectroscopy analyses were initially performed on 

the fiducial markers to check their elemental composition. The results confirmed the 99.9% of gold 

content, as certified by the vendor. Further details of the methods used for ED-XRF measurements 

are given in the supplementary material, together with examples of ED-XRF spectra (Figure. 1S).

Afterwards, one sphere and two cylinders were covered with glue and carbon black in order to modify 

the emissivity from the very low value of gold, less than 0.1, to the one as much as possible similar of 

a black body [18]. The effectiveness of the change in emissivity was verified by thermal reflectance 

measurements. The black cover enabled to measure, by means of a thermal camera, the heat 

produced by the fiducial markers individually placed over a suitable polystyrene support inserted into a 

homogenous magnetic field region (see section 2.3).
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2.2 Phantoms

In order to model the heat transfer properties occurring into soft tissues surrounding the fiducial 

markers in case of MFH treatments, hydrogel phantoms based on poly(vinyl-alcohol) (PVA) cross-

linked with glutaraldehyde (GTA) were prepared. Indeed, GTA-PVA gel is a well-known matrix able to 

mimic efficiently the physiological thermal properties of tissues [19]. The procedure used for the 

hydrogel preparation, described in detail elsewhere [20,21], is here briefly summarized. PVA-GTA 

hydrogel was prepared by mixing a PVA solution with a GTA solution. The PVA solution with final 

concentration of 8 % w/w was obtained by dissolving dry PVA (Mowiol®18-88, Sigma Aldrich) in 80% 

of the total ultrapure water used for the hydrogel preparation. Initially, the incorporation of PVA in 

water took place at 25°C under rapid stirring (~500 rpm) for about 5 minutes to avoid the formation of 

polymer aggregates. Next, the solution was heated up to 70 °C for 30 minutes with a progressive 

reduction of the stirring speed (~150 rpm). The GTA solution was prepared with 21.2 mM of 

glutaraldehyde (GTA, Sigma Aldrich), 20 mM of sulfuric acid (SA, Suprapur®, Sigma Aldrich) and the 

remaining 20% of the total water. PVA-GTA hydrogel was obtained by incorporating GTA solution into 

the PVA solution at 25°C. 

PVA-GTA hydrogel was poured into cylindrical plastic containers (2.9 cm long and 2 cm in diameter) 

and bare fiducial markers were dispersed inside the hydrogel, at a depth of approximately 2 mm from 

the phantom surface. The position of the gold markers into the gels was chosen to test the possible 

influence of the geometrical arrangement. Two different configurations were considered. The first 

consisted in placing a single fiducial marker in the center of the hydrogel phantom. In this set-up the 

cylinder and the helical coil were inserted both vertically-oriented and horizontally-oriented with 

respect to the gel surface. In the second configuration, three cylinders were placed vertically at the 

vertices of an equilateral triangle of side equal to approximately 10 mm. It is worth noting that at least 

three fiducials markers must be implanted and visualized in IGRT procedures based on the real-time 

tracking of the tumor during the RT treatments, as in case of use of Cyberknife systems [22].
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2.3 Magnetic stimulation and temperature measurement

The magnetic stimulation was obtained by means of Magnetherm (nanoThericsTM) set-up that builds 

up an AMF with amplitude values up to 17 kA/m, and a frequency range from 100 to 1000 kHz.

During the AMF stimulation of the carbon black covered fiducial markers a high-resolution thermal 

camera (FLIR A65 FLIR Systems Inc., 640x512 pixel, 0.05 K thermal resolution, 25 mm Germanium 

lens) was used to monitor the temperature variation of the fiducials over the time.

The same thermal camera was employed to monitor the temperature of the surface of the hydrogel 

phantoms containing the bare fiducials. Bare fiducials were used since the low emissivity of gold was 

overcome by measuring the temperature distribution over the neighboring hydrogel areas, being 

composed mostly by water, assuming an emissivity of 0.95 [18]. Furthermore, in case of phantoms, in 

addition to the surface-temperature mapping by the thermal camera, an optical fiber based sensor 

(OptoconTM, Weidmann Technologies Deutschland GmbH, Germany, sensitivity 0.2°C), positioned at 

a depth of about 3 mm from the hydrogel surface, was used for point measurements of the 

temperature inside the hydrogel phantoms. In case of a single fiducial marker in the center of the 

hydrogel phantom, the sensor was placed at a distance of approximately 6 mm from the fiducial 

marker. When three fiducials are inserted into the hydrogel phantom, the sensor was in the center of 

the equilateral triangle, i.e. 6 mm far from each cylinder.

In order to mimic the thermal condition of the biological tissues subjected to a MFH treatment, an 

external custom-made thermalizer system based on a Lauda Alpha A (LAUDA-Brinkmann LP, New 

Jersey), thermostat circulating hot water around the sample was used to initially thermalize the 

hydrogel phantoms at 37°C. The AMF stimulation was therefore applied to the samples thermalized at 

37°C. A picture of the instruments and a drawing of the experimental set-up are shown in Figure 2.
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Figure 2. Sketch of the experimental set up used for measuring hyperthermia in hydrogel phantoms 

containing gold fiducial markers, by means of an alternating magnetic field (left). Picture of the 

experimental set up with indication of the main components required for the measurements (right).

3. Results and discussion 

Figure 3 shows, as an example, the time-course profile of the temperature of the carbon black covered 

sphere without hydrogel phantom, during a thermal imaging analysis. After the start of the AMF 

stimulation, the temperature increased of more than 70°C in less than 30 seconds, reaching a final 

stable value of approximately 94°C. Similar trends were obtained with the cylinders, using the same 

experimental set-up.
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Figure 3. Temperature increase of the Bone Fiducial Marker (sphere, without hydrogel phantom) 

during the AMF stimulation. The error bars, corresponding to the resolution of 0.05 K of the thermal 

camera, are smaller than the symbols. 

These results clearly demonstrated the possibility to induce the heating of the gold fiducial markers 

using a magnetic field with amplitude and frequency typically used in MFH procedures. The 

temperatures reached by the gold markers proved to be higher than those required to produce thermal 

ablation of biological systems, i.e. above 45-50°C [23,24]. 

Figure 4 shows the images of the hydrogel phantoms surface containing an individual sphere 2 mm 

deep in the hydrogel, acquired by the thermal camera 10, 30, 60, 120 and 240 seconds after the start 

of the AMF stimulation. The corresponding temperature profiles at different times, drawn along the 

white segment traced in Figure 4e, are shown in Figure 4f. These profiles were obtained considering 

the hydrogel only, i.e. avoiding the apparent cold spot of the fiducial marker due to the low emissivity 

of gold surface.
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Figure 4. Thermal images of hydrogel surface with the Bone Fiducial Marker (sphere) at different times 

after the start of the AMF stimulation: a) 10 s, b) 30 s, c) 60 s, d) 120 s, e) 240 s. The apparent colder 

spot at the center of heated area is an effect of the low emissivity of the surface of gold. Figure 4f 

shows the temperature profiles drawn along the white segment traced in Figure 4e.

The thermal camera images of the hydrogel phantoms surface containing different individual fiducial 

markers acquired 60 seconds after the start of the AMF stimulation are shown in Figure 5. The heating 

curves measured by the optical fiber sensor, are given in Figure 6.
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Figure 5. Thermal images of the hydrogel phantoms containing different individual fiducial markers 

acquired 60 seconds after the start of the AMF stimulation: a) Bone Fiducial Marker (sphere), b) 

PointCoil™ Fiducial Marker (vertically oriented helical coil), c) Gold Soft Tissue Marker (horizontally 

oriented cylinder). The images show different thermal range with respect to the one in Figure 4.

Figure 6. Heating curves inside the hydrogel phantom containing the different fiducial markers, 

measured by the optical fiber sensor. The error bars correspond to 0.2°C, according to the sensitivity 

of the instrument. 
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The thermal images, shown in Figure 5, revealed the progressive diffusion of the heat over the 

hydrogel surface, as effect of the increase of the temperature of the gold fiducial marker. The extent of 

such diffusion measured by the thermal camera depended on the type of fiducial marker and on the 

geometric configuration used. In particular, the diffusion was negligible in the case of the PointCoil™ 

Fiducial Marker regardless of the vertical or horizontal orientation.

The point measurements of the temperature inside the hydrogel phantom by the optical fibre sensor, 

shown in Figure 6, confirmed qualitatively the macroscopic results observed on the surface by the 

thermal camera. Indeed, the coil arrangement substantially caused a mild and slow warming in the 

hydrogel. On the other hand, the sphere and cylinder shapes presented a much faster temperature 

increase, especially in the first three minutes after the start of the AMF stimulation. The orientation of 

the cylinder seems to poorly affect the diffusion of heat in the hydrogel phantom. As expected, the 

simultaneous stimulation of more than one fiducial marker caused an enhancement of the 

hyperthermia effect, as proved by the heating curve measured in the triangle configuration. As showed 

in Figure 5 and 6 thermal camera and optical fiber sensor data present slight differences in 

temperature values. The reason is that thermography is a surface temperature measurement while the 

optical fiber measures the temperature inside a specific point of the hydrogel. In addition, different 

geometry of the fiducials cause non–homogeneity in the heat diffusion, as visualized by thermal 

camera.

Our results attested the increase of the temperature in the hydrogel phantoms as effect of the heating 

of the gold fiducial markers employed in IGRT procedures, when stimulated by an AMF in the typical 

instrumental conditions used at present in MFH clinical trials. Additionally, it makes sense to assume 

that the heat release by a fiducial marker in in-vivo condition should be higher. Indeed, in the 

performed measurements the upper side of the hydrogel was in contact with air implying a different 

heat exchange ways with respect to the “in body” situation, where the markers are surrounded by 

tissues at 37°C.
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Therefore, in order to make one more step approaching to in-vivo condition, further studies will be 

performed by implementing larger hydrogel phantoms. For this experimental set up, in addition to the 

measurements of temperature distribution and heating curves inside the hydrogel phantom, the CEM 

43°C index, extensively used as a threshold of thermal damage [25-28], will be also evaluated.

In MFH technique the energy release is due to the opening of the hysteresis loop that describe the 

evolution of the magnetization of superparamagnetic nanoparticles as a function of the oscillation of 

the AMF [29,30]. The nanoparticles magnetization, also called superspin, fluctuates naturally due to 

two relaxation mechanisms [31]: the Néel relaxation, i.e. the thermal reversal along an anisotropy-

determined easy axis [32], and the Brown relaxation, i.e. the rotation of the nanoparticle, once 

dispersed in a solvent, due to the random collisions with the dispersant molecules [33]. An effective 

relaxation time τ can be defined to account for both the Néel and Brown relaxations, acting 

simultaneously [34]. When an AMF in a specific range of frequencies (that depends on τ) is applied, a 

dephasing between the particles’ superspin and the external field occurs, causing the opening of the 

otherwise closed hysteresis loop and a transfer of energy from the field to the colloidal dispersion of 

nanoparticles, i.e. the heating [35,36]. Conversely, considering the bulk structure and dimensions of 

the investigated fiducial marker, as already said previously, it is reasonable to assume that the 

observed hyperthermia properties are due to the creation of eddy currents on their surfaces once 

excited by the AMF. In spite of the fact that further investigations are required in order to validate this 

hypothesis, it must be pointed out that ED-XRF measurements excluded the presence of any 

significant amount of other metal ions besides gold, thus the heat release cannot be correlated to 

hysteretic losses of an additive magnetic component. Moreover, to the best of our knowledge, at the 

typical frequencies used in MFH experiments, data proving thermal energy release by gold 

nanoparticles have not been reported in the literature to date.

4. Conclusions
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In this study, the promising approach in oncology consisting in the combination of IGRT and MFH was 

considered. In particular, hyperthermia produced by different gold fiducial markers used for IGRT 

under the application of an alternating magnetic field in the typical conditions of MFH clinical trials was 

investigated. Measurements of the temperature increase of different types of gold fiducial markers and 

of tissue mimicking hydrogel phantoms containing the fiducials were performed during the magnetic 

stimulation using a high-resolution thermal camera and a fiber optic temperature sensor. Temperature 

values capable of thermal ablation in biological systems were revealed. Therefore, the experimental 

evidences of this study highlight the need to evaluate carefully the presence and location of gold 

fiducial markers in case of combined MFH and IGRT treatments, in order to prevent any pain and 

detriment for the patients. In fact, if the gold fiducial markers are not implanted into the tumor but in its 

proximity, an excessive heating during the MFH treatment might produce damages of the health 

tissues surrounding the markers.

Supplementary Material

See supplementary material for further details about Energy Dispersive X-Ray Fluorescence (ED-

XRF) spectroscopy analyses performed on the fiducial markers.
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