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We offer a critique of what constitutes a suitable dosage limit, in both clinical 
and preclinical studies, for interstitially administered magnetic nanoparticles in 
order to enable therapeutic hyperthermia under the action of an externally applied 
alternating magnetic field. We approach this first from the perspective of the 
currently approved clinical dosages of magnetic nanoparticles in the fields of 
MRI contrast enhancement, sentinel node detection, iron replacement therapy and 
magnetic thermoablation. We compare this to a simple analytical model of the 
achievable hyperthermia temperature rise in both humans and animals based on 
the interstitially administered dose, the heating and dispersion characteristics of 
the injected fluid, and the strength and frequency of the applied magnetic field. 
We show that under appropriately chosen conditions a therapeutic temperature 
rise is achievable in clinically relevant situations. We also show that in such cases 
it may paradoxically be harder to achieve the same therapeutic temperature rise in 
a preclinical model. We comment on the implications for the evidence-based 
translation of hyperthermia based interventions from the laboratory to the clinic.   
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1. Introduction 
Although it is now sixty years since the concept of magnetic hyperthermia as a 
therapeutic modality was first proposed [1], and a decade or more since the first clinical 
results were reported [2, 3], it is clear that it is of significant current interest. In the year 
2015 alone, more than 750 scientific and clinical papers were published on magnetic 
hyperthermia [4], which surely reflects the substantial world-wide R&D effort that has 
been devoted to the field in recent years. This effort has been accompanied by 
significant funding at both national and international levels – the latter exemplified by 
the ca. EUR 40 million that the European Commission has allocated in the area in the 
last five years [5].  

One likely reason for the large scale of this funding is that the research is 
increasingly moving beyond laboratory-scale experiments, towards preclinical studies 
with a variety of animal models, and in some cases even further, towards full-scale 
clinical studies, with all of the complexity and cost that this entails [6]. As such it is 
more important than ever for researchers to address the translational research 
imperatives of constructing appropriately scalable animal model experiments that 
generate data of a quality and relevance suitable for an ethics committee or a clinical 
R&D approvals committee. It is only when clear and cogent arguments can be made to 
link promising preclinical results to an expected advantageous outcome in man that 
clinical studies may be suitably designed, approvals sought and granted, and the study 
itself successfully undertaken and completed. 
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In this context it is perhaps surprising that – to our knowledge at least – there is 
very little available in the literature regarding the practicalities of designing for the 
transition from preclinical to clinical studies of magnetic hyperthermia. There are a 
great many published works that report on preclinical models in isolation, but very few 
that take the next step to explain how to get from the animal model to man. Even in 
cases where the step has perforce been taken – such as in the work of Andreas Jordan 
and colleagues at MagForce AG in Berlin [2, 3] – the process has not been spelled out 
in a way that makes it accessible or comprehensible to others. It may be that the reason 
for this is that it is impossible to provide a simplistic ‘one size fits all’ solution for an 
extremely varied field in which there are numerous different clinical indications 
requiring very different materials, administration routes, formulations and medical 
device architectures – and that it is not useful to try to draw any generally applicable 
conclusions on the matter. However, in our opinion this is a subject that should be 
considered and discussed, even if at the same time we acknowledge that every study 
will be unique unto itself, and every study protocol – both preclinical and clinical – will 
still need to be evaluated on its own merit. 

With this in mind, we present here a commentary on the question of what is an 
acceptable dosage for the interstitial injection of a magnetic fluid in both a preclinical 
model and in a clinical study of magnetic hyperthermia. We focus on interstitial 
administration rather than systemic intravenous injection on the basis that the former is 
both a much less complex route to clinical translation, and a more effective one. Where 
it is helpful to do so, we include descriptions of current practice for intravenous 
administration, to compare and contrast with the case for interstitial administration. We 
provide evidence to support our position based on both current regulatory and clinical 
practice, and on theoretical biophysical modelling of the heat flows associated with 
therapeutic magnetic hyperthermia and/or thermoablation. 

2. Interstitial versus intravenous administration    
We begin by commenting further on our rationale for focusing on interstitial rather than 
intravenous administration, which brings up several central issues of significance, viz. in 
relation to formulation challenges, therapeutic efficacy, intended primary mode of 
action, adverse effect levels and preclinical-to-clinical scaling, and species-dependent 
local guidelines on maximum injection volumes.  

2.1 Interstitial administration may allow less complex formulation 
Iron oxide particles presenting in the bloodstream inherently come into direct contact 
with the body’s reticuloendothelial system (especially those elements in the blood, 
spleen, and liver), so that blood clearance times can be very short [7]. For this reason, 
with intravenous administration, an additional step of surface functionalisation of the 
nanoparticles is usually pursued, in an effort to produce ‘stealth’ particles. This may 
well be effective [8], but it undoubtedly adds to the complexity of the material. There 
are also issues related to the presence of any inorganic nanomaterial in the blood, such 
as the inducement of a protein corona effect, or of complement activation (a protein-
mediated proxy stimulation of an immune response), that should preferably be avoided 
or at least controlled [9]. These all add to the challenges of gathering sufficient safety-
related evidence to secure the ethical and regulatory approvals required before clinical 
studies may be conducted.  

The corresponding situation for interstitial injection is not entirely different – 
after all, magnetic fluids injected into tissue, such as a tumour stroma, or the adjacent 
connective tissue, will still encounter active agents of the reticuloendothelial system, 
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especially those macrophages that pass through the extracellular matrix. However, the 
direct injection route allows for greater flexibility in the choice of the surface chemistry 
of the particles, including non-functionalised particles – such as the aminosilane-coated 
iron oxide nanoparticles used by MagForce [10] – that would be quickly taken up in the 
liver or spleen if they were delivered intravenously. Also, it should not be overlooked 
that it may well be a desirable aspect of the use of magnetic nanoparticles that the body 
does, over time (weeks or months), metabolise and clear the material away from the 
injection site.  

2.2 Interstitial administration may be more effective  
It has long been recognised that individual magnetic nanoparticles cannot deliver 
sufficient heat to be effective [11]. The problem is a fundamental one: to be good 
magnetic heaters, the particles need to be small – typically 10-30 nm in diameter – so 
that they contain only a single magnetic domain at body temperature [12]. (Multi-
domain particles contain magnetic domain walls that can be relatively easily moved in a 
time-varying magnetic field, limiting the energy dissipation that is needed to generate 
heat.) However, this small size means that their surface area to volume ratio is large, so 
that heat dissipation is rapid and thermal equilibration with the environment almost 
instantaneous [13]. The only way to overcome this is to have an ensemble of 
nanoparticles at the target site, acting in unison, so that the summed action of the 
distributed heat sources may together raise the temperature of the local environment.  

Even in such cases, substantial local concentrations of nanoparticles are needed. 
Hergt and Dutz estimated that with the then state-of-the-art materials and appliances, 
viz. those with a heat transfer rate of 100 W/gFeOx (where the subscript ‘FeOx’ denotes 
the heat-generating magnetite and/or maghemite iron oxide nanoparticles), a local 
concentration of ca. 10 mgFeOx/ml would be needed to heat an 11 mm diameter tumour 
by ΔT = 15 K, while ca. 40 mgFeOx/ml would be needed to heat a 3 mm diameter 
tumouroid (at the diagnostic size limit for metastatic cancer) by ΔT = 5 K [11]. Such 
high concentrations are conceivable following interstitial injection, but – to date at least 
– they are very challenging after intravenous injection, where an extremely effective 
(and not yet realised) local trapping and retention mechanism would need to be 
employed. This applies both to the lower threshold of achieving the ΔT » 6 K required 
for clinical hyperthermia (an operating temperature in vivo of 43 °C), as typically 
employed as an adjuvant to chemotherapy or radiotherapy [14, 15], and even more so 
for the higher threshold of ΔT ≥ 23 K required for the more demanding therapeutic 
treatment of thermoablation, which requires an operating temperature in vivo of 60 °C 
or more [16].  

2.2.1 Factors affecting the dispersion of magnetic nanoparticles in tissue   
A corollary of the requirement for there to be a substantial local concentration of 
magnetic nanoparticles at the treatment site is that the dispersion of the particles into the 
tissue, in and around the injection site, is a determining feature of the procedure. This is 
a complex field of research, where the physical factors of the procedure (such as the 
tissue density and porosity, the catheter size, design and placement, and the infusion 
rate and volume), and the physicochemical properties of the magnetic fluid (such as the 
particle size, charge and surface coating, and the osmolality, viscosity and concentration 
of the fluid as a whole), all contribute and are all inter-related. Operational issues such 
as the volume of the injectate or infusate relative to the tolerable tissue-loading limit 
(which varies between tissue types and from site to site in the body), the potential for 
tissue damage if the infusion rate is too high, and backflow (a.k.a. reflux) along the 
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needle path leading to leakage of the infusate away from the intended site, are also 
factors to be considered and controlled.  

The question of the homogeneity of the dispersion is a challenging one, as 
ideally the distribution should be as uniform as possible, to simplify the process of 
modelling and predicting the dose-response characteristics of the hyperthermia 
treatment. However, this is not easy to achieve, as typically the target tissue (e.g. a 
tumour) is itself heterogeneous, and in any case, the interstitial administration of any 
fluid will naturally result in a higher concentration of material near the tip of the needle 
than at a distance further removed from the tip. That said, there are strategies (discussed 
in more detail in Section 2.2.3) that can be adopted to abrogate these effects, including 
the use of slow infusion rates [17-21] and reflux-resistant catheters [20, 22], and 
performing multiple-site small-volume injections rather than a single large-volume 
injection [2, 3, 10, 23]. Theoretical models of the diffusion mehanistics can also be 
called upon to help understand the process and design best-practice administration 
protocols [23, 24].   

2.2.2 Defining and measuring the interstitial dispersion factor, Vd/Vi   
A positive aspect of the situation is that in practical terms the post-administration 
outcome is an experimentally measurable quantity: viz. the dispersion factor Vd/Vi , 
where Vd is the tissue volume throughout which the injected material is dispersed, and 
Vi is the volume of fluid injected. As such, it is at least in principle possible to 
determine the optimum delivery conditions via post-hoc assessment and serial 
refinement. Indeed, Vd/Vi  is measurable, depending on the nature of the fluid, in a 
number of ways, including in vivo methods such as magnetic resonance imaging (MRI), 
magnetic particle imaging (MPI), or X-ray computed tomography (CT) imaging, or ex 
vivo methods such as histochemistry or histopathology.  

For clinical translation, the MRI and CT methods are attractive in that they are 
already routinely available world-wide, whereas while MPI is a promising emerging 
modality [25], it has a long way to go before it might become established in clinical 
settings. Regarding MRI versus CT, at first sight it might seem that MRI would be the 
natural modality to use, given that it is very sensitive to iron oxide nanoparticles, some 
of which are or have been used as intravenous T1 and T2* contrast agents [26]. 
However, this sensitivity leads to extensive artefacts in the MRI images obtained of 
locally concentrated magnetic particles [27], which makes quantification difficult. For 
this reason, CT imaging is the preferred modality. This applies both to clinical CT 
studies, such as those undertaken by the MagForce team as part of their patient-specific 
treatment planning [10, 28-30], and also to preclinical micro-focused CT studies [18, 
31-33].  

The key advantage for both CT and micro-CT is that the Vd/Vi  dispersion factor 
is quantifiable in terms of the observed iron concentration in the tissue (measured in 
mgFe/mltissue), since the presence of the iron significantly affects the local value of the 
X-ray attenuation coefficient µ. This in turn is related to the greyscale contrast in any 
given X-ray scanner via the industry-standard Hounsfield Unit (HU) scale, which is a 
linear transformation in which the radiodensity of distilled water is defined as zero HU, 
and the radiodensity of air is defined as -1000 HU. In a voxel with average linear 
attenuation coefficient µ: 

 HU = 1000 ´ (µ – µwater) / (µwater – µair) , (1) 
where µwater and µair are respectively the linear attenuation coefficients of water and air. 
Gneveckow et al. have reported that for iron concentrations above ca. 10 mgFe/mltissue 
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the radiodensity exceeds ca. 60 HU [30], which is a level that is distinguishable from, 
for example, breast cancer tumour tissue, which has a radiodensity of ca. 35 ± 20 HU 
[34]. The same authors subsequently reported on clinical studies of 10 prostate cancer 
patients, where radiodensities in the range ca. 150 to 200 HU were recorded for cases 
where the anticipated in situ iron concentration was ca. 55 mgFe/mltissue [2]. 

2.2.3 In vitro, preclinical and clinical measurements of Vd/Vi   
Consequently, despite the complexity of the inter-related physical, chemical and 
material factors that contribute to Vd/Vi  for a given system, progress has been made 
towards understanding and, just as importantly, controlling the interstitial administration 
process. For example, Zhu et al. have conducted some illuminating studies on infusion 
strategies for magnetic fluids, using both in vitro gel phantoms [17], and in vivo murine 
models [18]. They reported that quasi-homogeneous in vivo dispersions (as measured by 
micro-CT) could be repeatably obtained using a syringe pump to provide very slow 
(3 µl/min for 30 min) intratumoural delivery of the agent through a very fine gauge (26 
gauge, 0.26 mm inner diameter) needle [18]. Furthermore, they were able to 
systematically vary the Vd/Vi  dispersion factor in xenograft tumours from 0.77 ± 0.06 at 
the 3 µl/min rate, up to 1.26 ± 0.24 at a faster 5 µl/min rate [18]. 

A similarly slow and controlled infusion strategy is being clinically pioneered 
for the intracranial delivery of drugs to treat brain cancer [19-21]. Convection enhanced 
delivery (CED) involves the surgical placement of a catheter into the tumour, followed 
by infusion of the therapeutic agent into the target over a prolonged period, typically 
several hours. Reported data here include two clinical cases where Gd-DPTA was 
infused into human brain stem lesions, with measured Vd/Vi values of 2.4 and 3.7 [35], 
and preclinical experiments where 14C-labelled albumin was infused into the striatum of 
rats, yielding Vd/Vi values of order 5 [36]. Another aspect of CED that may be of 
particular note in the context of magnetic hyperthermia is that significant effort is being 
directed towards designing novel catheters that minimise or eliminate reflux of the 
infusate back up the catheter/tissue interface track [20, 22]. 

The MagForce team’s approach has been to make multiple-site low-volume 
injections into a variety of tumour types in an effort to achieve quasi-homogeneous 
distribution of their magnetic fluid agent over entire tumours. For example, in one paper 
they report on the case of a prostate cancer patient for whom a total dose of 12.5 ml of 
agent was administered into a 35 ml target volume in the form of 24 depots of ca. 0.5 ml 
each [2]. In that particular case, it is not clear that the approach was successful, given 
that the post-administration CT image shows distinct separation between the 
neighbouring depots [2]. Other cases are more convincing, as seen in the CT scans they 
show for glioblastoma multiformae patients, for which the CT contrast does not 
discernibly vary over the entire tumour volume as treated [3, 37]. The authors note that 
the total injected dosages that were applied in these cases corresponded to ca. 0.3-0.4 ml 
of magnetic fluid per ml of tumour tissue for one set of 22 prostate and cervical cancer  
and soft tissue sarcoma patients [3], and a median dosage of 0.28 ml of magnetic fluid 
per ml of tumour tissue for a set of 66 glioblastoma multiformae patients [37]. If we 
take these figures to be representative of Vi and Vd volumes respectively, this 
corresponds to clinical estimates of mean Vd/Vi values for the magnetic fluid of ca. 2.5-
3.3 in the first instance, and ca. 3.6 in the second instance.  

More individual-patient-specific data is presented in another report from the 
MagForce team, regarding a cohort of patients with non-resectable and pre-treated 
rectal, cervical and ovarian tumours [10]. Under CT-guidance, the administered 
magnetic fluid volumes in this study ranged up to ca. 83% of the tumour volume, with a 
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mean of ca. 41%. The authors noted that at these levels: “instillation of the 
nanoparticles could be performed well and all patients tolerated the procedure without 
side effects” [10]. If we convert these percentages into corresponding Vd/Vi values 
(assuming homogeneous distribution, as was the team’s objective), we obtain a 
minimum of ca. 1.2 and a mean of ca. 2.4.  

To place these values in context, it is perhaps instructive to note that Vd/Vi 
values in the vicinity of 3 are comparable to the figure that one might predict if one 
assumed that the injected fluid infiltrated only the extracellular part of the tissue. We 
can show this by taking, as a rough estimate, the commonly quoted figures for a 70 kg 
male, viz. that ca. 28 litres of the body’s fluid resides within cells, compared to 10.5 
litres in the interstitial extracellular spaces [38]. In this case, if the injected fluid 
displaced all the interstitial fluid in a given volume of tissue, the corresponding Vd/Vi 
would be of order 38.5/10.5 » 3.7. Of course this is not a very precise result, but it is 
perhaps a useful figure for comparative purposes. For example, the Zhu group’s 
reported dispersion factors of Vd/Vi » 0.8-1.3, achieved using very slow infusion-pump-
controlled delivery, and MagForce’s Vd/Vi » 1.2 in one particular pelvic cancer patient, 
might both be considered to be examples of ‘beating’ the intrinsic fluid displacement 
mechanism, while MagForce’s mean values of Vd/Vi » 3.6 in brain cancer tumours 
might considered to be closer to the ‘natural’ level. 

2.3 Regulatory pathways may depend on the administration route 
Another important reason to focus on interstitial administration is that the regulatory 
pathway to clinical translation may be substantially less complex than would be the case 
for intravenous injection, particularly in cases where the injectable fluid might be 
considered to be a medical device. National and international regulatory authorities, 
such as the US Food and Drug Administration (FDA) or the European Medicines 
Agency, set out many detailed criteria against which a given substance must be tested to 
gauge whether it should be treated as a medical device or as a medicinal product, the 
description of which is beyond the scope of this paper. Nevertheless, as a guiding 
principle, a product may be regulated as a medical device if its manufacturer can 
establish that its primary mode of action (PMOA) is physical in nature, and not 
pharmacological, immunological, or metabolic.  

With magnetic hyperthermia agents, it might reasonably be argued that the 
PMOA is a physical mechanism, namely the local generation of heat through the 
transduction of an externally applied time-varying magnetic field into heat-inducing 
magnetisation reversals in magnetic nanoparticles. Furthermore, in the case of 
interstitial administration of such an agent, parallels may be drawn with the PMOAs of 
implantable medical devices, such as the recently approved Magseed® from Endomag 
Ltd (Cambridge, UK), which is a grain-of-rice sized magnetisable steel implant used for 
lesion localisation. In contrast, it is not so obvious how one could make a similar 
argument in the case of the administration route being intravenous.  

In this paper we will proceed under the assumption that the PMOA of the 
interstitially introduced hyperthermia agent is physical, and that as such the intervention 
associated with its use may be considered to be that of a medical device. It should be 
noted, however, that other PMOAs might be envisaged for hyperthermia agents, 
including their designation as drug-device combination products, in which case more 
pharmaceutical-oriented regulatory pathways might need to be adopted.  

We note in passing that irrespective of whether the agent is regulated as a device 
or a drug or a combination product, there are also safety considerations regarding the 
time-varying magnetic field source itself, and regarding the effect of those time-varying 
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fields on the human body. Detailed consideration of this is beyond the scope of the 
current work, but the subject has been addressed elsewhere [13, 39-41]. Similarly, the 
clinical treatment plan for a given patient (which includes the duration and schedule of 
the hyperthermia treatment session or sessions) will have a direct impact on both the 
safety and efficacy of the intervention. Again, detailed discussion of this is beyond the 
scope of this work, and the subject has been reviewed elsewhere [42-45].   

Lastly, it should be noted that with regard to regulatory pathways, the magnetic 
hyperthermia ‘system’ as a whole may in some cases – depending on jurisdiction – be 
taken to include both the introduced hyperthermia agent and the attendant time-varying 
magnetic field source acting together, or as one acting as an accessory to the other. Such 
demarcations have significant implications with regard to the nature of the clinical 
studies that need to be performed to establish their safety for the respective national and 
international regulatory authorities. 

2.4 Adverse effect levels and preclinical-to-clinical scaling depends on the 
administration route 
Regulatory authorities have a responsibility to scrutinise all aspects of the safety of the 
proposed medical intervention, including setting the conditions under which clinical 
studies may be undertaken. In this context, we note that the FDA has published a 
‘guidance for industry’ document in which they describe how one should estimate the 
maximum safe starting dose for therapeutics (or other agents) in initial clinical trials in 
healthy adult volunteers – and that these conditions are quite different for interstitial 
versus intravenous administration [46]. In both cases the safe starting dose in humans is 
estimated from preclinical studies, but the methodology is quite different.  

2.4.1 Preclinical-to-clinical scaling for intravenous administration 
For intravenously administered pharmaceuticals, the FDA stipulates that escalating-dose 
preclinical studies should be performed to establish the ‘no observed adverse effect 
level’ (NOAEL) for a given agent in terms of the mg of administered agent per kg total 
mass of the animal. The FDA notes what it considers to be the sort of findings that can 
be used to determine the animal NOAEL, as follows: overt toxicity (e.g. clinical signs, 
macro- and microscopic lesions); surrogate markers (e.g. serum liver enzyme levels); 
and exaggerated pharmacodynamic effects [46]. However, it is up to the manufacturer 
to decide precisely which tests to undertake for a given agent. 

Once an animal NOAEL has been determined, this is converted to a ‘human 
equivalent dose’ (HED), which is then used to calculate a ‘maximum recommended 
starting dose’ (MRSD) for the initial clinical studies after applying a downscaling factor, 
usually taken to be 10: 

 𝑀𝑅𝑆𝐷%.'.	(mg/kg) = 	
𝐻𝐸𝐷i.v.	(mg/kg)	of	the	animal	𝑁𝑂𝐴𝐸𝐿i.v.	(mg/kg)

10  , (2) 

where the subscript i.v. denotes intravenous administration.  
The HEDi.v. term is determined from the measured animal NOAELi.v. by 

normalising to body surface area, which is taken to correlate with the species-specific 
metabolic rate [46, 47]. For a given species the normalising factor Km is estimated by 
dividing the average body weight of the species by its corresponding average body 
surface area. For example, for a mouse of body weight 0.021 kg and surface area 
0.007 m2, Km

mouse = 3 kg/m2; while for humans the reference weight is taken to be 60 kg 
and body surface area 1.62 m2, yielding Km

human = 37 kg/m2 [46, 47]. The HEDi.v. is then 
calculated as: 
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 𝐻𝐸𝐷%.'.	(mg/kg) = 	
Animal	𝑁𝑂𝐴𝐸𝐿i.v.	(mg/kg)	×	Animal	𝐾m	(kg/m2)

Human	𝐾m	(kg/m2)   . (3) 

For example: for a murine preclinical model, the HEDi.v. in mg/kg equals the NOAELi.v. 
in mg/kg measured in the mouse, multiplied by a factor Km

mouse / Km
human = 0.081.  

2.4.2 Preclinical-to-clinical scaling for interstitial administration 
For interstitial administration of agents, the FDA guidance is that the NOAEL to 
HEDinterstitial conversion may be achieved either by normalising to concentration, or to 
the amount, of the agent at the injection site. For magnetic hyperthermia agents where, 
as discussed above, we know that the local distribution and parameters such as Vd/Vi 
determine the efficacy of the agent, it is clear that from a regulatory perspective we 
should normalise to the local concentration at the injection site: 

 HEDinterstitial (mg/mltissue) = Animal NOAEL (mg/mltissue) , (4) 

where the concentration is calculated as the mass of the injected agent (the magnetic 
nanoparticles) divided by the volume Vd (measured in mltissue) into which the agent is 
dispersed. The MRSD should be downscaled as before: 

 𝑀𝑅𝑆𝐷interstitial	(mg/mltissue) = 	
𝐻𝐸𝐷interstitial	(mg/mltissue)	

10   . (5) 

The FDA does not provide any particular guidance on how to determine the 
animal NOAEL in the case of interstitial administration, but it is clear that one should 
consider potential local toxicity, as well as systemic toxicity. For the former, it is logical 
to look for indicators such as inflammation and granulation at the injection site, 
alongside the usual systemic toxicology biomarkers such as hematology, clinical 
observation and histopathology [48, 49]. 

2.5 Maximum injection volume depends on the administration route 
Regarding the scaling of preclinical NOAEL results to clinical HED and MRSD values, 
one final point to note is that in addition to the administration route, the selection of 
injection site has a bearing on the injection volume Vi that may be used [50]. This is 
illustrated in Table 1, which shows the Duke University Medical Center’s local 
guidelines for the site-dependent maximum injection volumes permitted in healthy 
mice, rats, rabbits and humans [47]. On inspection one can see clearly that the 
maximum allowable Vi does not scale either with body weight or body surface area. 
This species-dependent variation can be important when one considers which is the 
most suitable animal model to use for a given clinical indication. 

Furthermore, the maximum guideline doses for one site (e.g. subcutaneous 
injections) may be tens or even hundreds of times greater than those for another site 
(e.g. intramuscular or intradermal ones). This rightly reflects the differing physiology 
and anatomy of those sites, and the different species’ respective tolerances to paternal 
administration at those sites; but again it may impact the choice of animal model, and as 
such should be duly considered.   

It is also significant that guidelines such as those in Table 1 are local guidelines, 
falling within the purview of the local ethics and R&D approvals committees, so that 
they may well vary from one institution to the next. For example, the guidelines for the 
US National Cancer Institute in Frederick, MD, although being very similar to those at 
Duke University, nevertheless cite a 4x larger figure for mouse/subcutaneous injections, 
and 3x smaller figure for rat/intramuscular injections [51].  

Lastly, the guidelines in Table 1 refer to injections into healthy tissue. The 
corresponding guidance for intratumoural injections is somewhat less explicit, as the 
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acceptable dose scales with the tumour volume. Giustini et al. report on injecting a 
magnetic hyperthermia fluid into 50-200 mm3 murine adenocarcinoma tumours at a 
ratio of 0.34 µl per mm3 of tumour [52]. Assuming that in this case the magnetic fluid 
dispersed over the entire tumour volume, this corresponds to a Vd/Vi of order 3, which is 
in line with the values discussed above. In humans, intratumoural injection volumes can 
be of similar magnitudes, or larger. Hassenbusch et al., for example, reported a 
pharmaceutical dose escalation study on 40 patients with recurrent malignant glioma 
[53]. In the Vi -escalation part of this study, injection volumes of 25%, 50% and 75% of 
the tumour volumes were trialled, with no adverse events observed at either the 25% or 
the 50% level. The maximally tolerated dose was determined to be 5 ml. 

3. Acceptable dosage limits according to current clinical practice  
Having explored some of the issues associated with the administration route, we turn 
now to the question of what is an acceptable dosage for the interstitial injection of a 
magnetic fluid? Our starting point is to review the dosages that the manufacturers of 
currently available commercial products recommend to clinical users, as those 
manufacturers will certainly have already passed through the animal NOAEL to HED to 
MRSD pathway on their way to commercialisation.  

There are four such products currently available: two of them, Resovist® and 
Feraheme®, are intravenously administered, and are regulated as drugs; the other two, 
Sienna+® and Nanotherm®, are interstitially administered, and are regulated as medical 
devices.  (N.B. The drug/device designation is determined by the mode of action of the 
material, rather than the mode of administration.) All four manufacturers will have had 
to meet stringent regulatory standards as part of their respective accreditation processes, 
and as such the figures quoted in their published instructions for use (IFU) pamphlets1 
may be considered to be reliable indications of the acceptable limits for their product’s 
use, in terms of both tolerance and efficacy. 

3.1 Review of recommended dosages for clinically approved materials 
In the 1990s and 2000s Resovist® was manufactured in Europe by Schering AG (Berlin, 
Germany) and in Asia by Fujifilm RI Pharma (Tokyo, Japan), but since 2010 it has been 
made and used exclusively in Japan. Resovist® – also known as ‘ferucarbotran’ - is a 
medicinal product intended for intravenous use as an MRI contrast agent for liver 
lesions. It is supplied in 0.9 ml or 1.4 ml syringes and comprises dextran-coated multi-
core iron oxide nanoparticles. According to its Schering-era IFU [54]:  

The amount of iron in the recommended dose of Resovist® (0.9 ml in patients < 
60 kg body weight, 1.4 ml in patients ≥ 60 kg body weight, corresponding to 5.8 –
12.9 µmol Fe/kg by weight) is equivalent to about 1% of normal whole-body iron 
content. This is equivalent to the normal dietary intake of iron in 2-3 days. 
Administration of this amount of iron will result in transient changes in serum iron, 
ferritin, and iron-binding capacity, but there is no danger of iron overload.  

Resovist® contains 28 mgFe/ml, so the maximum recommended dose of 1.4 ml in a 
60 kg human corresponds to 0.65 mgFe/kg, although, somewhat curiously, the 
12.9 µmolFe/kg limit quoted in the IFU corresponds to the slightly higher figure of 
0.72 mgFe/kg. Interestingly, another version of the IFU, published in 2002 by 
distributors Agis Commercial Agencies Ltd [55], contained the following note: 

                                                
1 For convenience, copies of all the IFUs referenced in this paper are included in the 
Supplementary Information, section S1. 
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The maximum dose tested in humans, 0.08 ml Resovist® (equivalent to 2.24 mg 
Fe) per kg body weight, was well tolerated.  

which indicates that intravenous doses up to 2.24 mgFe/kg (or 40 µmolFe/kg ) have been 
tested in humans with no adverse effects. 

Feraheme® – also known as ‘ferumoxytol’ – is made by AMAG 
Pharmaceuticals (Waltham, MA, USA), and is a medicinal product intended for 
intravenous use as treatment of iron deficiency anemia in adult patients with chronic 
kidney disease. It comprises carbohydrate coated iron oxide nanoparticles, and is 
supplied in 17 ml vials at a concentration of 30 mgFe/ml. According to its IFU [56]:  

The recommended dose of Feraheme® is an initial 510 mg dose followed by a 
second 510 mg dose 3 to 8 days later. Administer Feraheme® as an intravenous 
infusion in 50-200 mL 0.9% Sodium Chloride Injection, USP or 5% Dextrose 
Injection, USP over at least 15 minutes.2  

Assuming 60 kg as an adult human’s minimum weight, the 510 mg dose corresponds to 
8.5 mgFe/kg, which is quite a lot higher than the Resovist® dose. That said, elsewhere in 
the IFU the manufacturers describe some preclinical models as follows:  

Administration of ferumoxytol during organogenesis, at doses of 31.6 mg 
Fe/kg/day in rats and 16.5 mg Fe/kg/day in rabbits, did not result in maternal or 
fetal effects. These doses are approximately 2 times the estimated human daily 
dose based on body surface area.  

Assuming that they followed the FDA’s guidelines for calculating HEDs from animal 
models [46] we can estimate what AMAG mean by ‘the estimated human daily dose’. 
For a rat the conversion factor is 6.2, while for a rabbit it is 3.1, so that it is apparent 
that AMAG is referring here to a safe-level human daily dose of ca. 2.6 mgFe/kg. This 
figure is close to the Day 0 dose divided by 3, which is understandable as AMAG 
advise that the second dose should be on Day 3 to Day 8. Thus, it is clear that AMAG 
advise that a bolus injection of up to 8.5 mgFe/kg is safe, so long as any repeat of that 
bolus injection comes at least 3 days later. 

Sienna+® is made by Endomag Ltd (Cambridge, UK) and is a medical device 
intended for interstitial use as a magnetic tracer as part of a system to mark and locate 
lymph nodes prior to surgical removal. It is supplied in 2.2 ml vials and comprises 
dextran-coated iron oxide nanoparticles. Each ml of Sienna+® contains 28 mg Fe. 
According to its IFU [57]:  

Recommended dose is 2 ml with the equivalent iron content of 55 mg ± 4 mg per 
dose. […] For Breast: Draw 2 ml of Sienna+® [and] 3 ml of 0.9% sterile saline 
into the syringe [into a syringe and administer] by subcutaneous injection into 
either subareolar or peritumoural interstitial tissue, and follow with 5 minutes 
vigorous massage at the injection site. […] For other indications: Draw 2 ml of 
Sienna+® [into a syringe and administer] by subcutaneous injection into 
peritumoural interstitial tissue and, where appropriate, follow with 5 minutes 
massage at the injection site.  

From this it is clear that the maximum recommended dose is 2 ml or 56 mgFe, delivered 
directly into the tissue. If this was given to a 60 kg adult the effective dose would be 
0.93 mgFe/kg, although the more relevant parameter given the interstitial administration 
route is the local Fe concentration at the injection site, in mgFe/mltissue. Assuming, as per 
the MagForce data that was discussed in Section 2.2.3, a Vd/Vi dispersion factor of 2.4 – 
which we choose as being representative of that which has been clinically achieved 
                                                
2 ‘USP’ here refers to substances defined in the United States Pharmacopeia.  
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following intratumoural injection [10] – we can speculate that the maximum injected in-
tissue concentration may be 56 mgFe in 4.8 mltissue, or ca. 12 mgFe/mltissue. Note that this 
is for the non-breast indications; and that in the case of breast cancer, the administered 
concentration is lower due to the additional 3 ml of saline, taking the maximum in-
tissue concentration down to ca. 5 mgFe/mltissue. Note also that it is likely that the Vd/Vi 
dispersion factor in peritumoural tissue will be different from the 2.4 figure used here, 
which was measured for tumour tissue.  

Nanotherm® is made by MagForce AG (Berlin, Germany), and is an 
aminosilane-coated iron oxide nanoparticle ferrofluid. At the time of writing, no official 
company-issued IFUs were found online, but several scientific publications are 
available, including a 2011 paper on the clinical treatment of recurrent glioblastoma 
multiformae, a type of brain cancer, that contained the following passage [37]:  

The magnetic fluid MFL AS1 (NanoTherm AS1; MagForce Nanotechnologies), an 
aqueous dispersion of superparamagnetic nanoparticles with an iron concentration 
of 112 mg/ml, served as the energy transducer. […] The median amount of 
magnetic fluid injected was 4.5 ml (range 0.5–11.6 ml), corresponding to a median 
dosage of 0.28 ml of magnetic fluid per cm3 of tumor volume.  

From this we deduce that the maximum administered dose in the study was 11.6 ml or 
1300 mgFe, delivered directly into the brain tissue – which is a substantial amount. If we 
again consider a representative Vd/Vi dispersion factor of 2.4, then, given that the 
injected fluid contained 112 mgFe/ml, the maximum in-tissue concentration in all cases 
was ca. 47 mgFe/mltissue. This figure appears to be internally consistent, given that the 
value quoted by MagForce as the median dosage of the treatment, viz. 0.28 ml of 
Nanotherm® per ml of tumor tissue, equates to ca. 31 mgFe/mltissue. 

3.2 Summary and implications of current clinical practice 
The two intravenously introduced iron-oxide-based magnetic fluids, Resovist® and 
Feraheme®, have maximum indicated or reported doses of ca. 2.2 mgFe/kg and 
8.5 mgFe/kg, respectively, with the proviso that Feraheme® should not be administered 
more frequently than once every three days. If administered daily, it is separately 
reported by AMAG that up to ca. 2.6 mgFe/kg of Feraheme® is safe and well tolerated.  

For the two interstitially introduced fluids, Sienna+® and Nanotherm®, the most 
appropriate metric is the magnetic particle concentration at the injection site. Although 
neither manufacturer states the mgFe/mltissue values explicitly, we can make educated 
guesses as to their values, subject to assumptions regarding the dispersion 
characteristics of the injected fluid. Within these constraints, for Sienna+® we estimate 
that the recommended dose equates to at most ca. 12 mgFe/mltissue, while the median and 
maximum reported Nanotherm® doses are ca. 31 mgFe/mltissue and 47 mgFe/mltissue 
respectively. Regarding the latter figure, given the wide spread reported in the 
MagForce studies, it seems prudent to regard this as an outlier; in which case a more 
representative value for the maximum level should be closer to the median – we suggest 
a value of ca. 40 mgFe/mltissue. 

From this we can draw some indicative conclusions regarding the dose limits 
that might be kept in mind when developing Fe-based magnetic fluids for therapeutic 
benefit in humans, as follows:  

(1) that for intravenous administration there are clinical products in use today for 
which total Fe dosage administered at any one time may be as high as 8.5 mgFe 
per kg of body weight; and for which the total daily Fe dosage may be as high as 
2.5 mgFe per kg of body weight; and 



Accepted for publication in the International Journal of Hyperthermia 12 

(2) that for interstitial administration, assuming a dispersion factor of Vd/Vi = 2.4, 
there are clinical products in use today for which the local Fe dose is up to 
12 mgFe/mltissue per site for subcutaneous injections and up to 40 mgFe/mltissue per 
site for intratumoural injections. 

The limits in (1) are derived from the published data on Feraheme® for the one-off dose, 
and on both Feraheme® and Resovist® for the daily dose; and those in (2) are derived 
from the published data on Sienna+® (subcutaneous) and Nanotherm® (intratumoural) 
respectively. 

It should be emphasised that these values are specific to the materials in 
question, and their intended uses. For example, Feraheme® has been formulated to be 
well tolerated in the blood stream, and rapidly taken up in the liver and spleen, and 
therefore its intravenous dosage limit may be higher than that of other formulations of 
similar products. On the other hand, the intended use for Sienna+® is that it should be 
transported away from the injection site through the lymphatic system, which is 
arguably not relevant to the situation one might foresee for a magnetic hyperthermia 
agent. In this context the dose limit associated with Nanotherm® is the most relevant for 
researchers in the field, although again it is likely to be formulation dependent – 
particularly with respect to the Vd/Vi dispersion factor. That said, the ‘up to 
40 mgFe/mltissue per site for intratumoural injections’ limit has clearly been clinically 
tested, and as such is a useful touchstone for the development of alternative 
hyperthermia agents and the designing of preclinical and first-in-man clinical safety and 
dose-escalation studies. 

4. Design of preclinical studies of intratumoural magnetic hyperthermia  

We return now to the issue of how to design for the transition from preclinical to 
clinical studies of hyperthermia. We illustrate the process here with respect to a 
prospective intratumoural administration route, but similar steps will need to be taken 
for whichever injection site is relevant for a given therapeutic indication. 

4.1 Establish dose limits based on the intended clinical use 
Let us imagine, for illustrative purposes, that we have formulated a magnetic 
hyperthermia agent with an intratumoural Vd/Vi dispersion factor of 2.4, and that the 
iron concentration of the agent can be varied continuously up to, say, 120 mgFe/ml. 
(N.B. We are ignoring here the problems associated with the high viscosity of highly 
concentrated fluids.) Using the clinical experience of the Nanotherm® intratumoural 
injections, we can anticipate an in situ dosage limit of Co = 40 mgFe/mltissue per site of 
injection, which – given that Vd/Vi = 2.4 – means that the concentration of the fluid 
should not exceed (Vd/Vi) ´ Co = 96 mgFe/ml. 

Next we must consider the degree of retention of the injected agent at the 
tumour site. There are many factors that contribute to this, including the formulation of 
the agent, the injection method employed (e.g. multiple or single doses; infusion or 
bolus; speed of withdrawal of the needle), the character of the tumour and its 
surrounding tissue, and the kinetics of both the initial dispersion of the agent and its 
subsequent clearance, over time, by the reticuloendothelial system. Bazan-Peregrino et 
al. have reported on a number of the non-formulation factors that affect retention, 
showing for one particular tumour type in a murine model that the injection method 
could change the retention from ca. 80% down to ca. 40% of the administered dose, and 
that changing to another tumour type brought the retention up to ca. 95% [58]. Their 
injectate was an adenovirus, and their measurements were recorded 30 minutes after 
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injection, which they inherently considered to be sufficient to achieve homeostasis. We 
might reasonably expect that a magnetic fluid injectate might be formulated to have a 
similar degree of retention at a similar timepoint. Regarding the rate of macrophage-
mediated clearance, MagForce have reported clinical CT imaging data for a prostate 
cancer patient that clearly shows substantial retention of intratumourally administered 
magnetic nanoparticles a full six weeks after the injection date [2]. In this respect we 
can therefore reasonably expect that formulations can be found that allow for prolonged 
material retention at the injection site.  

Regarding the character of the tumour and its surrounding tissue, the Bazan-
Peregrino et al. data shows that different tumours types have different retention 
characteristics. It should also be noted that the intratumoural injection site itself may 
have an effect: e.g. whether the injectate is encountering the stroma or the parenchyma 
of the tumour, or the proliferative versus quiescent versus necrotic regions of the 
tumour. Furthermore, tumours often have different microenvironments (including 
elevated interstitial pressures, hypoxia and acidosis) than do the surrounding tissues, 
and different tissues themselves have different perfusion and clearance characteristics. 
All of these biological factors represent challenges to successful delivery and retention 
[59, 60]. While this is clearly difficult and unpredictable, nevertheless it is also clearly 
surmountable, as the MagForce experience shows, given the right formulation and the 
right mode of (interstitial) administration. 

Let us therefore proceed, and assume, for our hypothetical clinical indication, 
that we expect the retention of the magnetic agent to be ‘good’, at ℛ = 85%, so that only 
(1 – ℛ) = 15% of the dose is lost via perfusion into the bloodstream. Let us further 
assume that the formulation of our agent, albeit not explicitly intended for intravenous 
use, is also ‘good’, and that the maximum allowable systemic dose is a factor ℱ = 85% 
of the daily intravenous administration limit (𝒟M = 2.5 mgFe/kg) established for 
Feraheme® and Resovist®.3 We can then estimate the maximum allowable intratumoural 
injected dose limit, as per the formula:  

 𝒟NOP = (ℱ ´ 𝒟M) / (1 – 	ℛ) , (6) 

to be 𝒟NOP = 14.2 mgFe/kg for this ‘good’ retention and formulation scenario. It should 
be noted that 𝒟NOP will vary between one agent and another. For example, an agent 
with a relatively ‘poor’ performance scenario of low retention (ℛ = 0.5) and low 
systemic tolerance (ℱ = 0.5) would be limited to a 𝒟NOP = 2.5 mgFe/kg. In an ‘excellent’ 
scenario, with say ℛ = 0.95 and ℱ = 1.00, the maximum would be much higher, with 
𝒟NOP = 50 mgFe/kg. We note in passing that MagForce have reported on clinical studies 
that have involved the injection of magnetic fluids into the human prostate of doses in 
the range 1.1 to 1.5 grams of iron [61], which, assuming that their subjects had total 
body masses up to say 90 kg, would fall within the expected 𝒟NOP limits of a ‘very 
good’ product with both ℛ and ℱ values of order 87%.  

Equation (6) embodies the notion that despite the agent being formulated with 
interstitial administration in mind, we still need to consider its safety with regard to 
systemic delivery. This also impacts on preclinical studies, in that it indicates that dose-
escalation studies should be undertaken to establish or verify intravenous NOAELs and 
HEDs – just as for systemic agents – using the FDA’s body surface area factors to scale 
between the preclinical and clinical cases. For example in a murine preclinical model  

                                                
3 Note that it could be argued that the one-off intravenous administration limit of 𝒟M = 
8.5 mgFe/kg that has been established for Feraheme® might be equally suitable here, but that for 
the purpose of illustration we have chosen to use the lower, daily administration value. 
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the Feraheme® and Resovist® daily intravenous dose level of 𝒟M = 2.5 mgFe/kghuman 
would correspond, using Equation (3) and the scaling factor Km

human / Km
mouse = 12.3, to 

an intravenous NOAEL dose limit of 𝒟Mmouse = 30.8 mgFe/kgmouse. Applying this to the 
‘poor’, ‘good’ and ‘excellent’ retention and tolerance scenarios discussed for man, and 
assuming a mouse of body mass 20 g, the corresponding 𝒟NOPmouse estimates are ca. 0.6, 
3.5 and 12.3 mgFe respectively.  

With these figures in mind, we note from the literature that research groups 
around the world are adopting a wide range of different dosing protocols in their mouse 
models. Some apply less than 1 mgFe per mouse [62, 63], while others use ca. 4 mgFe 
per mouse [64]. The largest doses we found were ca. 25 mgFe per mouse, as used by the 
Zhu group [18, 31]. At a glance these seem high doses, although it should be noted that 
they were achieved using that group’s controlled infusion strategy, so that near 100% 
interstitial retention might be assumed. Indeed, putting ℛ = 0.98 and ℱ = 1.00 into 
Equation (6) one obtains 𝒟NOPmouse = 25 mgFe. 

4.2 Consider formulation with reference to projected clinical efficacy 
The next step is to model the efficacy of the projected treatment, in order to establish 
the functional bounds within which the magnetic heating agent will need to operate. The 
efficacy depends on both the physical properties of the agent (in particular the magnetic 
heating characteristics of the magnetic nanoparticles) and the physical properties of the 
time-varying activation field (in particular its amplitude H and frequency f).  

Given these parameters, various theoretical models exist that describe the 
expected biophysical heat flows in different conditions, which we can use to predict in 
silico the temperature increase ΔT at and around the injection site. Surveying a selection 
of recent publications on such models in the field of magnetic hyperthermia [65-72], 
two things are apparent: (i) that the methods that different authors adopt to address the 
problem are many and varied, and can be mathematically very complex; and (ii) they all 
take as their starting point the ‘Pennes equation’:      

 𝜌𝐶 𝜕𝑇𝜕𝑡 = 𝑘∇X𝑇 +	𝜌Z𝐶Z𝜔Z 𝑇Z − 𝑇 +	𝑄N^_ +	𝑄^P_   , (7) 

where 𝜌, 𝐶 and 𝑇 are the density, specific heat capacity and temperature of the tissue; 
𝜌Z, 𝐶Z and 𝑇Z are the corresponding parameters for blood; 𝑘 is the thermal conductivity 
of the tissue; 𝜔Z is the blood flow rate per unit tissue volume; and 𝑄N^_ and 𝑄^P_ are 
heat generation rates due to tissue metabolism and external sources respectively. The 
Pennes equation is named after an American neurologist who in 1948 was the first to 
introduce the terms representing the heat transfer due to perfusion 𝜌Z𝐶Z𝜔Z 𝑇Z − 𝑇  and 
metabolism 𝑄N^_ to the classical heat equation [73]. The external power dissipation 
term 𝑄^P_ is an additional term which in the current context equates to the heating 
through magnetic hyperthermia, but which more generally can refer to any non-
metabolic heat source. 

In this paper it is not our intention to critique the various available bioheat 
models for magnetic heating, nor do we wish to introduce a comprehensive but complex 
model that covers multiple scenarios such as time-dependent effects, thermally-varying 
perfusion, or variations in metabolic rate between tumour tissue and healthy tissue. 
Such considerations have been covered in other works, including those already cited 
[65-72]. Instead, we present here a simple analytical model that enables a ‘first 
approximation’ predictive step to be taken in the translation of magnetic hyperthermia, 
directed towards treatment planning. This is the magnetic thermotherapy equivalent of 
the ‘dose-response’ therapeutic paradigm: i.e. that it is incumbent on the practitioner to 
understand and be able to predict the expected response to a given treatment dose. 
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We therefore consider here a simple analytical model, in which the effects of 
both perfusion and metabolism are neglected, and in which it is assumed that an 
equilibrium state has been achieved, so that 𝜕𝑇 𝜕𝑡 = 0. The model is based on that of 
Andrä et al. [74], who considered the temperature distribution within and surrounding a 
spherical volume of radius R containing a uniform distribution of magnetic nanoparticle 
heat sources that in effect acts as a composite heat source. Although Andrä et al. 
describe in some detail the time evolution of the heat distribution around the source, 
they also showed that in the equilibrium state – achieved after prolonged exposure – the 
temperature distribution as a function of distance r from the centre of the sphere could 
be expressed analytically as: 

 ∆𝑇 𝑟 = 	𝑃𝑅
2

6𝑘1
	 1 − 𝑟2

𝑅2
+ 2 𝑘1𝑘2

     for   r  <  R   , (8a) 

 ∆𝑇 𝑟 = 	𝑃𝑅
2

3𝑘2
	𝑅𝑟      for   r  ≥  R   , (8b) 

where 𝑃 is the power density (in W/m3
composite) being delivered to the sphere, and 𝑘e and 

𝑘X are the thermal conductivities (in W/Km) of the composite core and the surrounding 
medium. This distribution is plotted in Figure 1 for various realistically achievable 
values of 𝑘e 𝑘X, from which it can be seen that the temperature distribution is largely 
unaffected by such changes, and that the more important determinant of the observed ΔT 
is the power density P. 

Although this simplified model is clearly unrealistic in that it ignores the 
question of how the body’s thermoregulatory system will respond to the local 
deposition of thermal energy, it can be inferred from the literature that it is in fact a 
reasonably good approximation. Cheng and Liu describe in detail a numerical model of 
thermal dissipation in spherical breast cancer tumours and surrounding healthy tissue, 
using the full Pennes equation, and including independent perfusion and metabolic heat 
generation terms for the tumour and healthy tissues respectively [65]. They compare 
their results directly with the Andrä et al. model, and show that the results overlap when 
they set the perfusion and metabolism terms in their model to zero. They then also 
compare the time dependence of the predicted ∆𝑇 values at the origin (r = 0) and at the 
boundary of the magnetic-particle infused spherical region (r = R) for both the zero 
perfusion and metabolism model, and their fully-implemented breast cancer model. The 
difference between the two models is significant, viz. a ca. 15% decrease in the ∆𝑇 
values at both the origin and at the boundary after prolonged (t ≳ 250 s) exposure to the 
magnetic heat source [65]. (For further details, see the Supplementary Information, 
section S2.) Nevertheless, we consider that the model expressed in Equation (8) is a 
reasonable first approximation to the temperature distribution that may be achievable in 
vivo, albeit that depending on the physiological characteristics of the target site in the 
body, it will almost certainly be an over-estimate of the actual sustainable values. We 
will return to this point later (see Section 5). 

In passing, it may be interesting to note that Figure 1 illustrates an often-
neglected aspect of magnetic hyperthermia, namely the degree to which the tissue 
surrounding the focal point of the thermal treatment is subject to elevated temperatures. 
For example, if one is intending to heat a 1 cm3 tumour by ΔT ≥ 6 K for therapeutic 
hyperthermia, Figure 1 shows that a sphere of volume 8 cm3 will be heated by ΔT ≥ 
3 K. This is not particularly surprising or unusual – it is after all a natural consequence 
of the relatively gradual 1/r drop-off in Equation 7(b), which persists even in perfused 
tissue [65] – but it is something to keep in mind for interventions such as hyperthermia 
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where prolonged exposure is anticipated. (The situation is likely to be different in the 
case of therapeutic thermoablation, where the intended ΔT ≥ 23 K treatment is more 
transient, so that the equilibrium state is not reached.) 

The power density P delivered into the composite is related to the heating 
characteristics of the magnetic particles, through either the specific loss power (SLP, 
typically reported in W/gFe) or the intrinsic loss power (ILP = SLP/H2f, measured in 
nHm2/kgFe) parameters. Thus: 

 𝑃 = 	𝑆𝐿𝑃	𝑚Fe
𝑉d

= 𝐼𝐿𝑃	𝐻2	𝑓	𝑚Fe
𝑉d

   , (9) 

where mFe is the mass of iron contained within the magnetic nanoparticles, and we use 
Vd = m

n
 π R3 to denote the volume of the composite sphere in the model, and to draw a 

parallel with the Vd/Vi dispersion factor we have discussed previously. 
We should note here that the ILP parameter is strictly only valid in the low-field 

linear-magnetic-susceptibility activation regime, where the SLP parameter varies 
linearly as a function of frequency f and quadratically as a function of field amplitude H 
[13, 75]. ‘Low-field’ in this context corresponds to the experimentally determined 
value, for iron-oxide nanoparticles, of H ≲ 5 kA/m [75-77]. This is also a field 
amplitude that has been clinically shown to be tolerable (i.e. not producing any 
noticeable adverse effects such as nerve stimulation or non-specific heating of tissue) 
for at least an hour of continuous application [61], and which has separately been 
theoretically predicted to be a limit below which stimulation is not possible, irrespective 
of rise time, frequency or slew rate [78]. 

It is convenient to rearrange Equations (8) and (9) into a form that highlights the 
role of the most easily adjusted parameters of the agent, namely the iron concentration c 
and the injection volume Vi, in determining the achievable ΔT(r) distributions. If we 
focus on the temperature rise at the interface between the magnetic particle impregnated 
core and the surrounding medium, ΔT(r = R) = ΔTR, and make the substitutions c = 
mFe/Vi and v = Vd/Vi, it is straightforward to show that: 

 Δ𝑇q 	= 		 48𝜋X𝑣
vwx 	 𝐼𝐿𝑃	𝐻

2	𝑓	
𝑘2

	𝑐	𝑉z
{
x   , (10) 

which can be rearranged to give: 

 𝑐	 = 		 48𝜋X𝑣
w
x 	 𝑘2

𝐼𝐿𝑃	𝐻2	𝑓
	Δ𝑇q	𝑉z

v{x   . (11) 

The factors in brackets are constant for a given agent formulation and a given activation 
field system, so that Equation (10) can be used to plot a series of ΔTR isotherms in the 
Vi-c plane. This is illustrated in Figure 2 for a model scenario wherein the magnetic 
hyperthermia agent has an ILP = 3.0 nHm2/kgFe, a level that has been reported 
previously in several commercially available magnetic fluids [79]; a dispersion factor v 
= 2.4, in line with the values reported for the MagForce clinical studies on a variety of 
different tumours [10]; and an activation field of amplitude H = 5 kA/m and frequency f 
= 300 kHz, which are values that are considered to be acceptable and achievable in a 
clinical system [13].  

The only other parameter needed to generate Figure 2 is the thermal 
conductivity 𝑘X of the tissue surrounding the injection site. This can vary significantly 
depending on where in the body that site is. For example, according to the IT’IS 
Foundation’s database of tissue properties [80], the human brain, liver, pancreas and 
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prostate gland all have conductivities at 37 °C of order 0.52 W/Km, and the figure for 
blood is similar; but the conductivity of human fat is less, at ca. 0.21 W/Km. Other 
tissues lie between these values, for example connective tissue, at ca. 0.39 W/Km, and 
skin, at ca. 0.37 W/Km; and the breast gland and cortical bone, both of which lie at 
ca. 0.32 W/Km. In Figure 2 we have assumed a value of 𝑘X = 0.52 W/Km. 

Nevertheless, Figure 2 is informative in that it allows us to quickly establish – at 
least in broad terms – the formulation and addressable tumour parameters that will 
determine whether a given target is treatable. For example, to achieve a hyperthermia-
threshold temperature rise of ΔTR = 6 K, then if c = 20 mgFe/mlfluid, Vi must equal or 
exceed 0.61 mlfluid (the point marked A on the figure), which, given that v = 2.4, means 
that the minimum treatable tumour size is 1.5 mltissue. If, in contrast, c = 60 mgFe/mlfluid, 
Vi must equal or exceed 0.12 mlfluid (point B), and the minimum treatable tumour size is 
now much smaller, at 0.29 mltissue. It is also immediately apparent that both points A and 
B fall within the shaded region in Figure 2. That region is important as it encompasses 
the acceptable dose limits for the treatment: the upper limit at c = 96 mgFe/mlfluid 
determined from the 40 mgFe/mltissue limit and the dispersion factor v = 2.4; and the 
other limit being those points for which the product Vi.c = 850 mgFe. As such, both of 
the treatment scenarios, represented by the points A and B, are allowable in terms of the 
material loading of the local tissue and of the body as a whole. 

Lastly, it is perhaps useful to note the parametric correlations that are apparent 
in Equations (10) and (11). For example, c is inversely proportional to the ILP, which 
means that if one develops an agent #2 which has twice the heating capacity as an agent 
#1 (ILP2 = 2ILP1), then one could achieve the same heating effect with a formulation at 
half the concentration (c2 = c1/2), if all else was unchanged. Alternatively, if one wanted 
to achieve twice as much heat generation (Δ𝑇qX = Δ𝑇qe), this could be achieved by 
doubling the concentration (c2 = 2c1), if all else was unchanged. 

4.3 Translate to the appropriate preclinical model 
The final step is to translate the projected clinical treatment – with the formulation and 
dose levels determined for a given heating agent and target using a theoretical scenario 
such as the one discussed above – into an appropriate corresponding preclinical model. 
This is, however, not always entirely straightforward.  

One aspect is that there are numerous instrumental and experimental differences 
between preclinical and clinical studies, that need to be understood and managed. These 
include eddy current effects, which are often more evident in larger animals and in man, 
where large-diameter coil geometries may be used, for which the induced surface 
currents (which scale with the square of the coil radius) are larger [81]; and non-specific 
peripheral heating effects due to resistive heating of the field-generating coils, which 
generally affect small animals more [82]. Similarly, the need to maintain 
thermoregulation and maintain core temperatures in preclinical models even when the 
animals are under anaesthetic, is a major challenge [83, 84]. This is especially important 
in small animals where the loss of heat through the skin is much faster than it is in 
larger animals or man. 

However, even in the case that all such experimental differences have been 
identified and overcome, there are still fundamental challenges that may come into play. 
We illustrate this by assuming that our goal is to translate the human treatment scenario 
represented by points A and B in Figure 2 onto a mouse model, as shown in Figure 3. 
Since we have not changed the properties of the agent, the ILP parameter is the same. If 
we have an excellent tissue model – for example if we are using xenografted human 
tumours in immunosuppressed mice – we might broadly assume that the dispersion 
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factor v and the thermal conductivity 𝑘X will also be the same as in the clinical case. 
Then, for a given activation field H and frequency f, the Vi-c plane plots of ΔTR 
isotherms, as calculated using Equation (7), will be identical to the clinical case – see 
Figure 3. What is very different, though, is the acceptable dose region – the shaded 
region in Figure 3 – with respect to the allowable whole body dose, which for the 20 g 
mouse is Vi.c = 3.5 mgFe, rather than the 850 mgFe in a 60 kg human.4 This has the 
major consequence that now the treatment scenarios A and B fall well outside    
maximum allowable dose region for the mouse, making the experiment ethically 
impossible to perform. 

However, there is an alternative. That is: to alter the activation field parameters 
to bring the treatment points within the allowable region. This is illustrated in Figure 3 
for points A¢ and B¢, which lie on the ΔTR = 6 K isotherm for the case that H ¢ = 10 
kA/m and f ¢ = 1 MHz. Although these are field parameters that are well beyond those 
acceptable in a human, they are certainly achievable and acceptable in a mouse model. 
Furthermore, by carefully choosing the H ¢ and f ¢ parameters, the injection volumes Vi 
required for the experimental treatments may be tailored to the animal model tumour 
volumes, in accordance with the dispersion factor v.  

To our knowledge this is not an animal model design strategy that has yet been 
explored for hyperthermia studies, but in principle it looks to be a well-defined 
approach that has the benefit of focusing on equating the thermal load per tumour from 
one animal to the next. 

5. Discussion 

In this paper we have set out to comment on the practicalities of designing for the 
transition from preclinical to clinical studies of magnetic hyperthermia. Perhaps 
unsurprisingly, we have found that the best way to do this has been to first think 
carefully about the intended clinical intervention that constitutes the ultimate goal of the 
research, and to work backwards from that point to consider which is the best 
preclinical model to adopt en route to that goal.  

We first addressed the question of administration route. In our opinion the 
interstitial route is best suited to early clinical translation in magnetic hyperthermia, 
primarily because of the relative simplicity of the required formulation of the agent 
(which does not need to be explicitly designed to evade the body’s reticuloendothelial 
system, as is the case for intravenous agents), and the ease with which substantial local 
concentrations of magnetic nanoparticles can be deposited at a target site. That said, an 
important determinant for efficacy is the in situ dispersion factor, v = Vd/Vi , where Vd is 
the tissue volume throughout which the injected material is dispersed, and Vi is the 
volume of fluid injected. Values in the range v = 2 to 5 have been reported. Depending 
on the injection site it may also be important to consider peripheral or accidental 
injection into the bloodstream, so that even though the intended route is interstitial, 
there may be some fraction of the agent that is delivered intravenously. 

We have reviewed the ethical, safety and regulatory aspects of the interstitial 
versus the intravenous route, and in particular the way in which preclinical-to-clinical 
dose scaling depends on the administration route. It is clear (as per the US Food and 
Drug Administration’s 2005 guidance for industry) that whereas for intravenous 

                                                
4 Note that this is for the assumed ‘good’ agent formulation scenario of retention (ℛ = 0.85) and 
systemic tolerance (ℱ = 0.85), and that in general the allowable whole body doses will vary 
between different formulations of agent. 
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injection it is expected that dose scaling should be done by normalising to body surface 
area (on the basis that this correlates with species-specific metabolic rates), for 
interstitial injection the normalisation is made with respect to the local concentration of 
the agent at the injection site. It is also notable that the maximum allowable injection 
volume is both species-dependent and site-dependent, and governed by institutional-
level rather than national or international standards; and that for intratumoural injections 
a volume percentage approach (typically Vi » 33% Vtumour) is commonly adopted. 

We have benchmarked the intravenous and interstitial clinical dosage limits of 
four commercially available magnetic fluids, viz. the MRI contrast agent Resovist®, the 
iron replacement agent Feraheme®, the sentinel node detection agent Sienna+®, and the 
magnetic thermoablation agent Nanotherm®. This has led us to propose the following 
potentially useful rules-of-thumb: 

• that for intravenous administration there are clinical products in use today for 
which total Fe dosage administered at any one time may be as high as 8.5 mgFe 
per kg of body weight; and for which the total daily Fe dosage may be as high as 
2.5 mgFe per kg of body weight; and 

• that for interstitial administration there are clinical products in use today for 
which the local Fe dose is up to 12 mgFe/mltissue per site for subcutaneous 
injections and up to 40 mgFe/mltissue per site for intratumoural injections. 

We should treat these figures with caution: they are indicative only, and that they may 
even be mutually exclusive. The intravenous limits are derived from published data on 
Feraheme® for one-off doses, and on both Feraheme® and Resovist® for the daily doses; 
and the interstitial limits are derived from data on Sienna+® for subcutaneous injection 
and Nanotherm® for intratumoural injection. These are four quite different materials, 
with most likely quite different biodistribution and biocompatibility characteristics. 
Even so, we think that it is useful to have such figures at hand, if only to give some 
sense of the range of possibilities that might be available for any new formulations that 
might be explored. 

We have illustrated the process of designing for the transition from preclinical to 
clinical studies for the hypothetical case of an intratumoural hyperthermia agent with a 
given set of assumed material properties for the agent (viz. its heating capacity) and the 
injection site (viz. the tissue dispersion factor and thermal conductivity). As part of this 
we have shown – as embodied in Equation (6) – that two key parameters to note are the 
assumed degree of retention ℛ of the agent at the injection site, and its systemic 
tolerance factor ℱ (relative to the safe intravenous dosing limit 𝒟M established from 
other agents), as these both have a direct bearing on the study design. In Figures 2 and 3 
we illustrated the case for an agent with good (85%) retention and tolerance factors, and 
took 𝒟M = 2.5 mgFe/kg (i.e. the daily intravenous dose limit of Feraheme® and 
Resovist®), which led to the estimation that the maximum total dosages should not 
exceed either 850 mgFe in a 60 kg human or 3.5 mgFe in a 20 g mouse. However, these 
limits could be set higher if the formulation of the agent warrants it, and the ℛ and ℱ 
factors are closer to one. Also, depending on the intended use of the agent, an argument 
could be made that the 𝒟M should be closer to the 8.5 mgFe/kg limit established for one-
off doses of Feraheme®.  

Lastly, we have shown how these dosage limits can be used (alongside a simple 
theoretical model of thermal transfer from a sphere containing a homogeneous 
distribution of magnetic nanoparticles in the presence of an activating field of amplitude 
H and frequency f ) to explore the clinical efficacy of any given proposed therapy as a 
function of the hypothetical formulation of the agent. We have found a simple analytical 
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model – as formulated in Equations (8) and (10), and as displayed in Figures (2) and (3) 
– to be a useful tool to help visualise the design parameter space, and to help to make 
the transition between clinical and preclinical study requirements.  

There is, however, one final matter that we have not fully addressed, which is 
the question of how good or how bad the zero perfusion, zero metabolism model of 
Equations (8) and (10) really is, when it comes to predicting actual heating scenarios in 
vivo. It is not particularly easy to make a definitive assessment of this, as there are very 
few clinical or preclinical studies for which the requisite data is available in sufficient 
detail to enable point-by-point comparisons to be made. Fortunately, however, one of 
the MagForce team’s publications – the Johannsen et al. 2007 report on a clinical study 
of magnetic hyperthermia in 10 prostate cancer patients [61] – does provide suitably 
specific data: viz. thermal probe measurements of the maximum temperature ΔTmax 
attained at the magnetic fluid injection site for both the first and last heating sessions for 
each patient; and CT scan data for each patient and session. The latter is important as it 
allows estimates to be made of both the retention factor ℛ (which ranged from ca. 0.8 to 
1.0 between individuals, and in some cases fell between treatments) and the dispersion 
factor v (which ranged from ca. 1.0 to 2.2 between individuals, and generally increased 
between treatments).  

With this information at hand we can then compare the measured ΔTmax to the 
maximum temperature predicted from Equation (8), viz. the temperature achieved at the 
central point, r = 0:  

 ∆𝑇NOP ≃ 1.5	 48𝜋X𝑣 −13 	 𝐼𝐿𝑃	𝐻
2	𝑓	

𝑘2
	𝑐	(ℛ𝑉%)

2
3   , (12) 

where we take into account the possibility of non-ideal retention by including ℛ as a 
scaling factor to the injectate volume 𝑉%, and where the pre-factor 1.5 represents the 
factor 1 + kX 2ke  in the case that 𝑘e ≈ 𝑘X. Strictly speaking the latter is only valid 
for materials such as magnetite, Fe3O4, where the thermal conductivity contribution of 
the particles is negligible compared to that of the tissue itself. (Concentration dependent 
data show that even at 100 mgFe/ml the contribution would be ca. 5 mW/Km [85], 
which is less than 1% of the 𝑘X ≈ 0.52 W/Km of the prostate [80].) The last parameter 
needed to compute Equation (12) is the intrinsic loss power of the magnetic particles. 
For this we use an ILP of ca. 0.4 nHm2/kg inferred from the rat model heating curves 
reported in an earlier MagForce paper [86]. (Further details on this, and other aspects of 
the data handling, are given in the Supplementary Information, section S3.) 

The resultant comparison between predicted and clinically observed ΔTmax 
values is shown in Figure 4. The expected over-estimation of ΔTmax due to having 
neglected the thermally moderating effects of blood perfusion and tissue metabolism is 
clearly evident, but it is also apparent that the approximation becomes better as ΔTmax 
increases. This is logical, given that as more and more heat is deposited into the tissue, 
the body’s capacity to physiologically regulate and overcome that thermal load becomes 
less and less effective. Furthermore, it is possible that at high ΔTmax values there could 
be physical (ablative) damage to the vascular bed that would disrupt blood flow, and 
lead to reduced or even zero perfusion. That said, the somewhat surprising aspect of the 
data in Figure 4 is that the conditions under which the perfusion and metabolism effects 
seem to be overwhelmed come at ΔTmax ≈ 12 K, which corresponds to ΔTR ≈ 8 K, which 
is a target value that one might realistically seek to achieve in a therapeutic 
hyperthermia intervention. Another positive aspect of Figure 4 is that it opens the 
prospect of applying a post-hoc, clinical (or preclinical) observation-based correction to 
the analytical model, which in some situations might be useful. (We illustrate this in the 
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Supplementary Information, section S3, for the case of the Johanssen et al. 2007 
prostate cancer patients.) We conclude therefore that the zero-perfusion, zero-
metabolism analytical model is actually a reasonable first-approximation model of 
therapeutic effect, and that so long as it is used advisedly and cautiously, it represents a 
useful tool for practical purposes. 

6. Conclusions 

Magnetic hyperthermia is a highly promising therapeutic modality that has commanded 
substantial international R&D effort and funding for a decade or more. However, the 
vast majority of reported work to date is laboratory based, or at most preclinical. There 
have been very few reports on the development of clinical studies of magnetic 
hyperthermia, and therefore very little in the way of accumulated knowledge as to how 
such translation can be achieved.  

In this work we have attempted to address this lack of experience-based 
information from a more pedagogical perspective. Specifically, we have considered 
how to manage the transition from preclinical to clinical studies from first principles, 
and have focused on some of the unique aspects of the intervention – such as the strong 
dependence of efficacy on the local concentration of the delivered magnetic heating 
agent – that make it so different from more conventional treatments. In particular, we 
have reviewed the ethical and regulatory guidelines for both interstitial and intravenous 
injections of magnetic agents, and established that while the former scales between 
species as a function of body surface area, the latter translates as a species-independent 
local concentration.  

In addition, we have reviewed current benchmarks in the form of commercially 
available iron oxide based magnetic fluids that have clinical applications, and thereby 
derived quantitative rules-of-thumb regarding the clinically acceptable dosage limits for 
both their intravenous and interstitial administration. From this we have shown that by 
applying suitable theoretical models of clinical efficacy (based on biophysical models of 
heat flows in tissue) it is possible to establish design parameters that inform the 
formulation criteria required for any given target intervention. Furthermore, we have 
shown that these same biophysical models can then inform the design of the 
corresponding preclinical models that are needed to establish the positive therapeutic 
benefits of the hyperthermia treatment, as a necessary step towards obtaining 
permission to proceed to first-in-man studies. 

It is our hope that setting out the framework for systematically establishing the 
link between preclinical and clinical study designs in this way may prove to be useful 
for others, and that in the near future we might see many more clinical studies of 
therapeutic magnetic hyperthermia being undertaken, for the benefit of us all. 

 

Acknowledgements: We thank Simon Hattersley of Resonant Circuits Limited 
(London) for his helpful comments on this manuscript. This work was supported in part 
by the European Commission Seventh Framework Programme through the Dartrix and 
NanoMag projects, under Grants 234870 and 604448, and by the European Commission 
Horizon 2020 Programme through the NoCanTher project, Grant 685795. 

 



Accepted for publication in the International Journal of Hyperthermia 22 

Declaration of interest: Both authors fulfil part-time paid executive (PS) or advisory 
(QAP) roles to a company (Resonant Circuits Limited) that has a commercial interest in 
magnetic hyperthermia. QAP also fulfils a part-time paid advisory role to a company 
(Endomagnetics Limited) that has a commercial interest in magnetic nanoparticles.  

 
 



Accepted for publication in the International Journal of Hyperthermia 23 

References:  

1. Gilchrist RK, Medal R, Shorey WD, Hanselman RC, Parrott JC, Taylor CB. 
Selective inductive heating of lymph nodes. Annals of Surgery 1957;146:596-
606. 

2. Johannsen M, Gneveckow U, Eckelt L, Feussner A, Waldöfner N, Scholz R, 
Deger S, Wust P, Loening SA, Jordan A. Clinical hyperthermia of prostate 
cancer using magnetic nanoparticles: presentation of a new interstitial technique. 
International Journal of Hyperthermia 2005;21:637-647. 

3. Thiesen B, Jordan A. Clinical applications of magnetic nanoparticles for 
hyperthermia. International Journal of Hyperthermia 2008;24:467-474. 

4. An online search conducted on 23 November 2016 of the Web of Science and 
PubMed databases, using ‘magnet* and hypertherm*’ as the topic search item, 
yielded 741 unique hits. 

5. Online search conducted on 23 November 2016 of the European Commission’s 
Cordis website, using ‘magnetic hyperthermia’ as the search term, and limiting 
the search to projects that had started on or after 1 June 2011. Fifteen projects 
were identified: MultiFunSome, NoCanTher, Icaro, Confines, OUTstandINg, 
Lumimagnet-Nano, DualNanoTher, iPaCT, Nanomag-SQ, Janus Dynamics, 
NanoMag, DMH, Dartrix, Mencofinas, and MultiFun. 

6. See, for example, the EU Horizon 2020 project ‘NoCanTher: Nanomedicine 
upscaling for early clinical phases of multimodal cancer therapy’, 
http://cordis.europa.eu/project/rcn/200812_en.html. 

7. Dobrovolskaia MA, McNeil SE. Immunological properties of engineered 
nanomaterials. Nature Nanotechnology 2007;2:469-478. 

8. Lee N, Yoo D, Ling D, Cho MH, Hyeon T, Cheon J. Iron oxide based 
nanoparticles for multimodal imaging and magnetoresponsive therapy. Chemical 
Reviews 2015;115:10637-10689. 

9. Simberg D. Iron oxide nanoparticles and the mechanisms of immune recognition 
of nanomedicines. Nanomedicine 2016;11:741-743. 

10. Wust P, Gneveckow U, Wust P, Gneveckow U, Johannsen M, Böhmer D, 
Henkel T, Kahmann F, Sehouli J, Felix R et al. Magnetic nanoparticles for 
interstitial thermotherapy – feasibility, tolerance and achieved temperatures. 
International Journal of Hyperthermia 2009;22:673-685. 

11. Hergt R, Dutz S. Magnetic particle hyperthermia—biophysical limitations of a 
visionary tumour therapy. Journal of Magnetism and Magnetic Materials 
2007;311:187-192. 

12. Krishnan KM. Biomedical nanomagnetics: a spin through possibilities in 
imaging, diagnostics, and therapy. IEEE Transactions on Magnetics 
2010;46:2523-2558. 

13. Pankhurst QA, Thanh NKT, Jones SK, Dobson J. Progress in applications of 
magnetic nanoparticles in biomedicine. Journal of Physics D-Applied Physics 
2009;42:224001 (224015pp). 

14. Torres-Lugo M, Rinaldi C. Thermal potentiation of chemotherapy by magnetic 
nanoparticles. Nanomedicine (London, England) 2013;8:1689-1707. 

15. Attaluri A, Kandala SK, Wabler M, Zhou H, Cornejo C, Armour M, Hedayati 
M, Zhang Y, DeWeese TL, Herman C et al. Magnetic nanoparticle hyperthermia 
enhances radiation therapy: A study in mouse models of human prostate cancer. 
International Journal of Hyperthermia 2015;31:359-374. 

16. Brace C. Thermal tumor ablation in clinical use. IEEE Pulse 2011;2:28-38. 



Accepted for publication in the International Journal of Hyperthermia 24 

17. Salloum M, Ma RH, Weeks D, Zhu L. Controlling nanoparticle delivery in 
magnetic nanoparticle hyperthermia for cancer treatment: experimental study in 
agarose gel. International Journal of Hyperthermia 2008;24:337-345. 

18. LeBrun A, Joglekar T, Bieberich C, Ma R, Zhu L. Identification of infusion 
strategy for achieving repeatable nanoparticle distribution and quantification of 
thermal dosage using micro-CT Hounsfield unit in magnetic nanoparticle 
hyperthermia. International Journal of Hyperthermia 2016;32:132-143. 

19. Allard E, Passirani C, Benoit J-P. Convection-enhanced delivery of nanocarriers 
for the treatment of brain tumors. Biomaterials 2009;30:2302-2318. 

20. Gill T, Barua NU, Woolley M, Bienemann AS, Johnson DE, S.O'Sullivan, 
Murray G, Fennelly C, Lewis O, Irving C et al. In vitro and in vivo testing of a 
novel recessed-step catheter for reflux-free convection-enhanced drug delivery 
to the brain. Journal of Neuroscience Methods 2013;219:1-9. 

21. Lewis O, Woolley M, Johnson D, Rosser A, Barua NU, Bienemann AS, Gill SS, 
Evans S. Chronic, intermittent convection-enhanced delivery devices. Journal of 
Neuroscience Methods 2016;259:47-56. 

22. Barua NU, Lowis SP, Woolley M, O'Sullivan S, Harrison R, Gill SS. Robot-
guided convection-enhanced delivery of carboplatin for advanced brainstem 
glioma. Acta Neurochirurgica (Wien) 2013;155:1459-1465. 

23. Golneshan AA, Lahonian M. Diffusion of magnetic nanoparticles in a multi-site 
injection process within a biological tissue during magnetic fluid hyperthermia 
using lattice Boltzmann method. Mechanics Research Communications 
2011;38:425-430. 

24. Di Michele F, Pizzichelli G, Mazzolai B, Sinibaldi E. On the preliminary design 
of hyperthermia treatments based on infusion and heating of magnetic 
nanofluids. Mathematical Biosciences 2015;262:105-116. 

25. Hensley D, Tay ZW, Dhavalikar R, Zheng B, Goodwill P, Rinaldi C, Conolly S. 
Combining magnetic particle imaging and magnetic fluid hyperthermia in a 
theranostic platform. Physics in Medicine and Biology 2017;62:3483-3500. 

26. Pankhurst QA, Connolly J, Jones SK, Dobson J. Applications of magnetic 
nanoparticles in biomedicine. Journal of Physics D-Applied Physics 
2003;36:R167-R181. 

27. Alanen A, Bondestam S, Komu M. Artifacts in MR imaging caused by small 
quantities of powdered iron. Acta Radiologica 1995;36:92-95. 

28. Gellermann J, Wust P, Stalling D, Seebass M, Nadobny J, Beck R, Hege H-C, 
Deuflhard P, Felix R. Clinical evaluation and verification of the hyperthermia 
treatment planning system hyperplan. Int J Radiat Oncol Biol Phys 
2000;47:1145-1156. 

29. Sreenivasa G, Gellermann J, Rau B, Nadobny J, Schlag P, Deuflhard P, Felix R, 
Wust P. Clinical use of the hyperthermia treatment planning system HyperPlan 
to predict effectiveness and toxicity. Int J Radiat Oncol Biol Phys 2003;55:407-
419. 

30. Gneveckow U, Jordan A, Scholz R, Bruss V, Waldofner N, Ricke J, Feussner A, 
Hildebrandt B, Rau B, Wust P. Description and characterization of the novel 
hyperthermia- and thermoablation-system MFH 300F for clinical magnetic fluid 
hyperthermia. Medical Physics 2004;31:1444-1451. 

31. Attaluri A, Ma R, Qiu Y, Li W, Zhu L. Nanoparticle distribution and 
temperature elevations in prostatic tumours in mice during magnetic 
nanoparticle hyperthermia. International Journal of Hyperthermia 2011;27:491-
502. 



Accepted for publication in the International Journal of Hyperthermia 25 

32. Dähring H, Grandke J, Teichgräber U, Hilger I. Improved hyperthermia 
treatment of tumors under consideration of magnetic nanoparticle distribution 
using micro-CT imaging. Molecular Imaging and Biology 2015;17:763-769. 

33. LeBrun A, Ma R, Zhu L. MicroCT image based simulation to design heating 
protocols in magnetic nanoparticle hyperthermia for cancer treatment. Journal of 
Thermal Biology 2016;62:129-137. 

34. Urata M, Kijima Y, Hirata M, Shinden Y, Arima H, Nakajo A, Koriyama C, 
Arigami T, Uenosono Y, Okumura H et al. Computed tomography Hounsfield 
units can predict breast cancer metastasis to axillary lymph nodes. BMC Cancer 
2014;14:730. 

35. Lonser RR, Warren KE, Butman JA, Quezado Z, Robison RA, Walbridge S, 
Schiffman R, Merrill M, Walker ML, Park DM et al. Real-time image-guided 
direct convective perfusion of intrinsic brainstem lesions. Journal of 
Neurosurgery 2007;107:190-197. 

36. Chen MY, Lonser RR, Morrison PF, Governale LS, Oldfield EH. Variables 
affecting convection-enhanced delivery to the striatum: a systematic 
examination of rate of infusion, cannula size, infusate concentration, and 
tissue—cannula sealing time. Journal of Neurosurgery 1999;90:315-320. 

37. Maier-Hauff K, Ulrich F, Nestler D, Niehoff H, Wust P, Thiesen B, Orawa H, 
Budach V, Jordan A. Efficacy and safety of intratumoral thermotherapy using 
magnetic iron-oxide nanoparticles combined with external beam radiotherapy on 
patients with recurrent glioblastoma multiforme. Journal of Neuro-Oncology 
2011;103:317-324. 

38. Wikipedia website entry for ‘Fluid compartments’, accessed 1 December 2016. 
39. Ahn CB, Cho ZH. Analysis of the eddy-current induced artifacts and the 

temporal compensation in nuclear magnetic resonance imaging. IEEE 
Transactions on Medical Imaging 1991;10:47-52. 

40. Reilly JP: Applied bioelectricity: from electrical stimulation to electropathology: 
Springer Science & Business Media; 2012. 

41. van Rhoon GC, Samaras T, Yarmolenko PS, Dewhirst MW, Neufeld E, Kuster 
N. CEM43°C thermal dose thresholds: a potential guide for magnetic resonance 
radiofrequency exposure levels? European Radiology 2013;23:2215-2227. 

42. Sapareto SA, Dewey WC. Thermal dose determination in cancer therapy. Int J 
Radiat Oncol Biol Phys 1984;10:787-800. 

43. Dewhirst MW, Viglianti BL, Lora-Michiels M, Hanson M, Hoopes PJ. Basic 
principles of thermal dosimetry and thermal thresholds for tissue damage from 
hyperthermia. International Journal of Hyperthermia 2003;19:267-294. 

44. Horsman MR. Realistic biological approaches for improving 
thermoradiotherapy. International Journal of Hyperthermia 2016;32:14-22. 

45. Kok HP, Kotte A, Crezee J. Planning, optimisation and evaluation of 
hyperthermia treatments. International Journal of Hyperthermia 2017;33:593-
607. 

46. Guidance for industry: estimating the maximum safe starting dose in initial 
clinical trials for therapeutics in adult healthy volunteers. Published by: Center 
for Drug Evaluation and Research, US Food and Drug Administration, USA, 
2005. 

47. Nair AB, Jacob S. A simple practice guide for dose conversion between animals 
and human. Journal of Basic and Clinical Pharmacy 2016;7:27-31. 

48. Richard BM, Rickert DE, Newton PE, Ott LR, Haan D, Brubaker AN, Cole PI, 
Ross PE, Rebelatto MC, Nelson KG. Safety evaluation of EXPAREL 



Accepted for publication in the International Journal of Hyperthermia 26 

(DepoFoam Bupivacaine) administered by repeated subcutaneous injection in 
rabbits and dogs: species comparison. Journal of Drug Delivery 2011;2011:1-14. 

49. Gong XL, Zhang XD, Li J, Zhang XF, Zong Y, Lu GC, Yuan BJ. Subchronic 
safety evaluation of EPO-018B, a pegylated peptidic erythropoiesis stimulating 
agent, after 5-week subcutaneous injection in Cynomolgus monkeys and 
Sprague-Dawley rats. Food and Chemical Toxicology 2013;60:252-262. 

50. Diehl KH, Hull R, Morton D, Pfister R, Rabemampianina Y, Smith D, Vidal 
JM, van de Vorstenbosch C. A good practice guide to the administration of 
substances and removal of blood, including routes and volumes. Journal of 
Applied Toxicology 2001;21:15-23. 

51. Maximum injection volumes and needle size recommendations (ACUC 
approved 10/14/2015). Published by: National Cancer Institute at Frederick, 
U.S. National Institutes of Health, 2015. 

52. Giustini AJ, Ivkov R, Hoopes PJ. Magnetic nanoparticle biodistribution 
following intratumoral administration. Nanotechnology 2011;22:345101. 

53. Hassenbusch SJ, Nardone EM, Levin VA, Leeds N, Pietronigro D. Stereotactic 
injection of DTI-015 into recurrent malignant gliomas: phase I/II trial. Neoplasia 
2003;5:9-16. 

54. Ferucarbotran Resovist®: liver-specific contrast agent for MRI of focal liver 
lesions. Published by: Schering AG, Germany, 2002. 

55. Prescribing information: Resovist. Published by: Agis Commercial Agencies 
(1989) Limited, Israel, 2002. 

56. Feraheme™ ferumoxytol injection: highlights of prescribing information. 
Published by: AMAG Pharmaceuticals Inc., USA, 2015. 

57. Sienna+® for use with Sentimag®. Published by: Endomag Limited, UK, 2015. 
58. Bazan-Peregrino M, Carlisle RC, Purdie L, Seymour LW. Factors influencing 

retention of adenovirus within tumours following direct intratumoural injection. 
Gene Therapy 2008;15:688-694. 

59. Curtis LT, Frieboes HB. The tumor microenvironment as a barrier to cancer 
nanotherapy. Advances in Experimental Medicine and Biology 2016;936:165-
190. 

60. Dewhirst MW, Lee CT, Ashcraft KA. The future of biology in driving the field 
of hyperthermia. International Journal of Hyperthermia 2016;32:4-13. 

61. Johannsen M, Gneveckow U, Thiesen B, Taymoorian K, Cho CH, Waldofner N, 
Scholz R, Jordan A, Loening SA, Wust P. Thermotherapy of prostate cancer 
using magnetic nanoparticles: feasibility, imaging, and three-dimensional 
temperature distribution. European Urology 2007;52:1653-1661. 

62. Kossatz S, Ludwig R, Dahring H, Ettelt V, Rimkus G, Marciello M, Salas G, 
Patel V, Teran FJ, Hilger I. High therapeutic efficiency of magnetic 
hyperthermia in xenograft models achieved with moderate temperature dosages 
in the tumor area. Pharmaceutical Research 2014;31:3274-3288. 

63. Kossatz S, Grandke J, Couleaud P, Latorre A, Aires A, Crosbie-Staunton K, 
Ludwig R, Dahring H, Ettelt V, Lazaro-Carrillo A et al. Efficient treatment of 
breast cancer xenografts with multifunctionalized iron oxide nanoparticles 
combining magnetic hyperthermia and anti-cancer drug delivery. Breast Cancer 
Research 2015;17:66. 

64. Jordan A, Scholz R, Wust P, Fahling H, Krause J, Wlodarczyk W, Sander B, 
Vogl T, Felix R. Effects of magnetic fluid hyperthermia (MFH) on C3H 
mammary carcinoma in vivo. International Journal of Hyperthermia 
1997;13:587-605. 



Accepted for publication in the International Journal of Hyperthermia 27 

65. Cheng P-J, Liu K-C. Numerical analysis of bio-heat transfer in a spherical 
tissue. Journal of Applied Sciences 2009;9:962-967. 

66. Deng Z-S, Liu J: Analytical solutions to 3-D bioheat transfer problems with or 
without phase change: INTECH Open Access Publisher; 2012. 

67. Fan J, Wang L. Analytical theory of bioheat transport. Journal of Applied 
Physics 2011;109:104702. 

68. Giordano MA, Gutierrez G, Rinaldi C. Fundamental solutions to the bioheat 
equation and their application to magnetic fluid hyperthermia. International 
Journal of Hyperthermia 2010;26:475-484. 

69. Golneshan AA, Lahonian M. The effect of magnetic nanoparticle dispersion on 
temperature distribution in a spherical tissue in magnetic fluid hyperthermia 
using the lattice Boltzmann method. International Journal of Hyperthermia 
2011;27:266-274. 

70. Kengne E, Lakhssassi A. Bioheat transfer problem for one-dimensional 
spherical biological tissues. Mathematical Biosciences 2015;269:1-9. 

71. Loureiro FS, Mansur WJ, Wrobel LC, Silva JEA. The explicit Green’s approach 
with stability enhancement for solving the bioheat transfer equation. 
International Journal of Heat and Mass Transfer 2014;76:393-404. 

72. Rodrigues HF, Capistrano G, Mello FM, Zufelato N, Silveira-Lacerda E, 
Bakuzis AF. Precise determination of the heat delivery during in vivo magnetic 
nanoparticle hyperthermia with infrared thermography. Physics in Medicine and 
Biology 2017;62:4062-4082. 

73. Pennes HH. Analysis of tissue and arterial blood temperatures in the resting 
human forearm. Journal of Applied Physiology 1948;1:93-122. 

74. Andrä W, d'Ambly C, Hergt R, Hilger I, Kaiser W. Temperature distribution as 
function of time around a small spherical heat source of local magnetic 
hyperthermia. Journal of Magnetism and Magnetic Materials 1999;194:197-203. 

75. Kallumadil M, Tada M, Nakagawa T, Abe M, Southern P, Pankhurst QA. 
Suitability of commercial colloids for magnetic hyperthermia. Journal of 
Magnetism and Magnetic Materials 2009;321:1509-1513. 

76. Dennis CL, Krycka KL, Borchers JA, Desautels RD, van Lierop J, Huls NF, 
Jackson AJ, Gruettner C, Ivkov R. Internal magnetic structure of nanoparticles 
dominates time-dependent relaxation processes in a magnetic field. Advanced 
Functional Materials 2015;25:4300-4311. 

77. Ota S, Yamada T, Takemura Y. Magnetization reversal and specific loss power 
of magnetic nanoparticles in cellular environment evaluated by AC hysteresis 
measurement. Journal of Nanomaterials 2015;2015:1-8. 

78. Harvey PR, Katznelson E. Modular gradient coil: A new concept in high-
performance whole-body gradient coil design. Magnetic Resononance in 
Medicine 1999;42:561-570. 

79. Kallumadil M, Tada M, Nakagawa T, Abe M, Southern P, Pankhurst QA. 
Suitability of commercial colloids for magnetic hyperthermia. Journal of 
Magnetism and Magnetic Materials 2009;321:3650-3651. 

80. Hasgall PA, Di Gennaro F, Baumgartner C, Neufeld E, Gosselin MC, Payne D, 
Klingenböck A, N K. IT’IS Database for thermal and electromagnetic 
parameters of biological tissues. Version 3.1, October 13, 2016; DOI: 
10.13099/VIP21000-03-1. 

81. Atkinson WJ, Brezovich IA, Chakraborty DP. Usable frequencies in 
hyperthermia with thermal seeds. IEEE Transactions on Biomedical Engineering 
1984;70-75. 



Accepted for publication in the International Journal of Hyperthermia 28 

82. Wildeboer RR, Southern P, Pankhurst QA. On the reliable measurement of 
specific absorption rates and intrinsic loss parameters in magnetic hyperthermia 
materials. Journal of Physics D: Applied Physics 2014;47:495003. 

83. Buggy DJ, Crossley AW. Thermoregulation, mild perioperative hypothermia 
and postanaesthetic shivering. British Journal of Anaesthesia 2000;84:615-628. 

84. Caro AC, Hankenson FC, Marx JO. Comparison of thermoregulatory devices 
used during anesthesia of C57BL/6 mice and correlations between body 
temperature and physiologic parameters. Journal of the American Association 
for Laboratory Animal Science 2013;52:577-583. 

85. Fertman VE, Golovicher LE, Matusevich NP. Thermal conductivity of 
magnetite magnetic fluids. Journal of Magnetism and Magnetic Materials 
1987;65:211-214. 

86. Johannsen M, Thiesen B, Jordan A, Taymoorian K, Gneveckow U, Waldöfner 
N, Scholz R, Koch M, Lein M, Jung K et al. Magnetic fluid hyperthermia 
(MFH) reduces prostate cancer growth in the orthotopic Dunning R3327 rat 
model. The Prostate 2005;64:283-292. 

 



Accepted for publication in the International Journal of Hyperthermia 29 

Table 1. Exemplar guidelines for the maximum injection volumes of experimental 
compounds in mice, rats, rabbits and humans (of the given FDA reference body 
weights) on the basis of the administration route, as used by the Duke University 
Medical Center in Durham, NC, USA [47]. 

 

Route Mouse 
(20 g) 

Rat 
(150 g) 

Rabbit 
(1.8 kg) 

Human 
(60 kg) 

Subcutaneous 2 ml/site 10 ml/site 50 ml/site 2 ml/site 

Intramuscular 0.1 ml/site 0.3 ml/site 0.5 ml/site 5 ml/site 

Intraperitoneal 3 ml 10 ml 100 ml 5 ml 

Intravenous 0.2 ml 0.5  ml 5 ml 250 ml 

Intradermal 0.05 ml/site 0.05 ml/site 0.1 ml/site 0.1 ml/site 
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Figure 1. Equilibrium temperature profile ΔT (r ) within and surrounding a sphere of 
radius R of a medium of thermal conductivity 𝑘e within a medium of thermal 
conductivity 𝑘X, after prolonged exposure to an energy source depositing power P into 
the sphere [74]. The solid lines represent solutions to Equation (8) for values of the ratio 
𝑘e/𝑘X ranging from 1.0 to 2.0, plotted in the reduced coordinate system where r¢ = r / R, 
and ΔT¢  (r¢ ) = 3𝑘X ΔT (r ) / PR2. 
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Figure 2. Illustrative bioheat model calculations in the steady-state, zero perfusion, zero 
metabolic heat generation limit, for a 60 kg human, as per Equation (10), showing ΔTR 
isotherms in the Vi-c plane, where ΔTR is the equilibrium temperature at the surface of a 
sphere of radius R containing a uniform distribution of heat-evolving magnetic 
nanoparticles. Assumed parameters are: intrinsic loss power ILP = 3.0 nHm2/kgFe; 
dispersion factor v = Vd/Vi = 2.4; thermal conductivity of the surrounding medium λ2 = 
0.52 W/Km; and activation field amplitude H = 5 kA/m and frequency f = 300 kHz. The 
shaded region demarcates the clinically acceptable dose region, as determined from 
both the material loading capacities of the local tissue, viz. 40 mgFe/mltissue, and of the 
body as a whole, viz. 850 mgFe. The latter value is derived, as per Equation (6), 
assuming a ‘good’ agent formulation scenario of relatively high retention (ℛ = 0.85) 
and systemic tolerance (ℱ = 0.85). The points A and B denote two possible treatment 
scenarios, as discussed in the text. 
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Figure 3. Illustrative bioheat model calculations in the steady-state, zero perfusion, zero 
metabolic heat generation limit, for a 20 g mouse, as per Equation (10), under the same 
material conditions as in Figure 2, viz. ILP = 3.0 nHm2/kgFe, v = Vd/Vi = 2.4, and λ2 = 
0.52 W/Km. The solid lines are ΔTR = 6 K isotherms, indicating the thresholds for 
therapeutic hyperthermia. The shaded region demarcates the murine ‘acceptable dose 
region’, as determined from both the material loading capacities of the local tissue, viz. 
40 mgFe/mltissue, and of the mouse as a whole, viz. 3.5 mgFe. The latter value is derived, 
as per Equation (6), assuming a ‘good’ agent formulation scenario of relatively high 
retention (ℛ = 0.85) and systemic tolerance (ℱ = 0.85). The red line, corresponding to 
H = 5 kA/m and f = 300 kHz (the same conditions as in Figure 2), lies outside the 
acceptable dose region, and as such is inaccessible. The black line, corresponding to H 
= 10 kA/m and f = 1 MHz, lies within the acceptable dose region, as therefore is 
accessible. The points A, A¢, B and B¢ are discussed in the text.  
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Figure 4. Comparison between maximum temperature rises ΔTmax due to magnetic 
heating as calculated using the first-order approximation method of Equations (8) and 
(10), and the reported ΔTmax for a clinical study of prostate cancer patients undertaken 
by the MagForce team [61]. The limitations of the zero-perfusion, zero-metabolism 
model are evident at the lower ΔTmax values, but the model is more valid as ΔTmax 
increases. The arrow denotes the ΔTmax value for which the temperature of the entire 
magnetic-nanoparticle-infused tissue volume reaches the therapeutically significant 
value of ΔT = 6 K or above. The dashed line is a guide to the eye only. 
 

 


