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ABSTRACT

Thermography-controlled, water-filtered infrared-A (wIRA) is a novel, effective and approved heating
technique listed in the ESHO quality assurance guidelines for superficial hyperthermia clinical trials
(2017). In order to assess the special features and the potential of wIRA-hyperthermia (wIRA-HT),
detailed and updated information about its physical and photobiological background is presented.
wIRA allows for (a) application of high irradiances without skin pain and acute grade 2-4 skin toxicities,
(b) prolonged, therapeutically relevant exposure times using high irradiances (150-200 mW/cm?) and
(c) faster and deeper heat extension within tissues. The deeper radiative penetration depth is mainly
caused by forward Mie-scattering. At skin surface temperatures of 42-43 °C, the effective heating depth
is 15mm (T >40°C) and 20 mm (T > 39.5°C). Advantages of wiIRA include its contact-free energy input,
easy power steering by a feed-back loop, extendable treatment fields, real-time and noninvasive sur-
face temperature monitoring with observation of dynamic changes during HT, and - if necessary —
rapid protection of temperature-sensitive structures. wiIRA makes the compliant heating of ulcerated
and/or bleeding tumors possible, allows for HT of irregularly shaped and diffusely spreading tumors, is
independent of individual body contours, allows for very short ‘transits’ between HT and RT (1-4 min)
or continuous heating between both therapeutic interventions. New treatment options for wIRA-HT
may include malignant melanoma, vulvar carcinoma, skin metastases of different primary tumors, cuta-
neous T-and B-cell lymphoma, large-area hemangiomatosis, inoperable squamous cell, basal cell and
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eccrine carcinoma of the skin with depth extensions <20 mm.

1. Introduction

In the experimental setting, water-filtered infrared-A (wIRA)
has been used since 1991 to assess the impact of localized,
contact-free hyperthermia (HT) on therapeutically relevant
parameters of the tumor microenvironment (e.g., perfusion,
oxygenation status, pH, metabolic status) and intratumor
temperature distributions [1-5]. In addition, treatment effi-
cacy of wWIRA-HT in combination with fractionated radiation
(RT), photodynamic therapy (PDT) [6-9] and thermosensitive,
doxorubicin-containing liposomes in a nanomedicine formu-
lation [10] has been documented.

In the clinical setting, first promising treatment results
along with intratumor temperature measurements upon
WIRA exposure for HT treatment were obtained in a prelimin-
ary study by Seegenschmiedt [11]. Thereafter, in a prospect-
ive multicenter phase I/Il study including 53 patients with 58
malignant lesions, Seegenschmiedt et al. [12] have concluded
that ‘WIRA can be safely and effectively applied to heat local-
ized, superficial tumors when combined with external beam
radiotherapy’.

Using an upgraded, thermographically controlled 2-wIRA-
radiator system, Notter et al. [13] have treated large-sized
(broad, superficial) heavily pretreated breast cancer recur-
rences (and re-recurrences) with wiRA immediately followed
by hypofractionated RT (5 x 4Gy, 1/week). Response rates in
this retrospective study were 61% CR and 33% PR, respect-
ively. Local control throughout lifetime after CR of macro-
scopic disease was 59%. Despite larger tumor sizes and a
higher percentage of superficial lymphangitis carcinomatosa,
the CR rate was comparable to data published in a recent
review by Datta et al. [14]. From this latter systematic review
with meta-analysis of combined HT and RT for locoregionally
recurrent breast cancer (LRBC) it is concluded that
‘thermoradiotherapy is an efficient and safe palliative treat-
ment option for LRBCs". Due to the level of evidence, hyper-
thermia combined with RT has been recommended by
current breast cancer guidelines in the USA, in the
Netherlands and in Germany [15-19].

In an updated report on 102 patients with recurrent
breast cancer, presented during the ESHO-meeting 2017,
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Notter et al. [20] could confirm the data communicated
before. In addition, with a higher number of patients, local
control throughout lifetime was 73% without any acute
grade 2-4 skin toxicities or side effects.

Due to the above mentioned preclinical and clinical data,
WIRA has been listed as an appropriate heating technique in
the new ESHO quality assurance guidelines for superficial
hyperthermia trials [21,22]. In order to assess the special fea-
tures and the potential of thermographically controlled wiRA
as well as the differences to currently used radio- and micro-
wave heating techniques, detailed and updated biophysical
and photobiological background information concerning
WIRA (together with possible limitations and treatment
options beyond breast cancer recurrences) will be presented
in this article. The use of wiRA in whole-body hyperthermia
is not a subject of this review.
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Figure 1. Schematic cross-section of a wIRA radiator (type hydrosun® 750,
Hydrosun, Miillheim/Baden, Germany). The filament of the halogen lamp is
placed in the focal point of a spherical, concave mirror with a radius of 40 mm
in order to ideally parallelize the radiation. In practice, radiation leaving the
radiator shows a central, homogeneous zone (orange) and a divergent fringe
(dark orange) serving as ‘penumbra’ when two radiators are combined.
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2. Generation of wiRA for hyperthermia treatment
of superficial tumors in the clinical setting

Commercially available technical solutions of wIRA radiators
intended for IR-therapy in the clinical setting were developed
by Erwin Braun (Frankfurt/Main, Germany) and Manfred von
Ardenne (Dresden, Germany) in the 1980s to allow for a high
transfer of thermal energy into tissues. Significant spectral
parts of unfiltered IR-radiation emitted by conventional IR-
lamps are absorbed in the upper tissue layers, mainly by
water molecules creating heat pain sensations in the skin,
and thus limiting the irradiance necessary to reach therapeut-
ically relevant effects in the oncological setting. The principle
of wiIRA is derived from tissue heating by solar IR radiation
reaching the Earth’s surface, filtered by atmospheric water
and water vapor. Water-filtered solar IR radiation formed a
crucial environmental condition for the evolution of life
on Earth.

In Figure 1, a schematic cross-section of the currently
used WIRA radiator is shown with a halogen lamp of high
correlated color temperature (CCT, about 2900K), a reflector,
a sealed water filter and a cut-off filter to eliminate the vis-
ible range <590 nm of emitted radiation [23].

The clinically used wIRA-hyperthermia system (type hydro-
sun®-TWH1500) consists of two WIRA radiators (type hydro-
sun® 750) individually combined with a thermography
camera (type Pi450, Optris®, Berlin, Germany) and a pyro-
meter for safety control (type CS micro 2W hs LT15, Optris®,
Berlin, Germany). For real-time surface temperature monitor-
ing of the treated area, all components are parts of a com-
puter-based closed feedback system (see Figure 2). Both
WIRA radiators can be used individually or combined depend-
ing on the size and the surface contour of the target area.

3. Physical basis of wiRA

Electromagnetic radiation with wavelengths between 0.78 um
and 1000 um is called infrared radiation (IR). According to CIE
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Figure 2. Currently used wiRA-hyperthermia system with two radiators (type hydrosun®TWH1500) to treat large-size (broad, superficial) breast cancer recurrences.
Both radiators are steered independently by two thermographic cameras and safety pyrometers.
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[24] and DIN 5031/7 [25], this range is divided into three sub-
ranges of IR-A (0.78-1.4um), IR-B (1.4-3.0um) and IR-C
(3-1000 um). These subranges differ from the classification
into the subranges of ‘near’ (0.78-3 um, NIR), ‘mid’ (3-50 um,
MIR) and ‘far’ (50-1000 um, FIR).

In Figure 3, the emission spectrum of the wIRA-radiator
(curve 1), following to a great extent Planck’s radiation law, is
compared to the unfiltered spectrum (curve 2) of the halo-
gen lamp (CCT: about 2900K) in the radiator. This unfiltered
spectrum with a maximum at approximately 1000nm
(according to Wien’s displacement law) covers visible radi-
ation, IR-A, IR-B and IR-C, whereas the filtered spectrum is
limited to wavelengths between 590 nm and 1400 nm.

The thickness of the water filter of 7mm was chosen as
an empirical compromise between wanted decrease of irradi-
ance within the water absorption bands and unwanted
decrease of required irradiance outside these bands. Under
these conditions, the water filter abates the irradiance by
around 47% at 970nm, by about 74% at 1160nm and by
almost 100% at wavelengths >1400 nm, whereas the total
irradiance for wavelengths between 590 nm and 1400 nm is
reduced by only 39%. The optical longpass filter with cut-off
wavelength at 590 nm avoids an unwanted major contribu-
tion of visible radiation to the IR-A, but allows visual control
of the wiRA field.

According to Figure 4, the irradiances used for therapy
can be regulated by simply varying the distance between
WIRA radiator and patient. Standard distance is 33 cm, con-
trolled by a distance rod. Changing the power supply of the
lamp for achieving different irradiances would alter the emit-
ted spectrum according to Wien'’s displacement law.

In addition to the spectral distribution, the homogeneity
of the irradiance in the treatment area has to be considered.
In Figure 5(A), the horizontal distribution of irradiance is pre-
sented for different distances between radiator exit and the
target field. In the case of curved body contours, incident
irradiance decreases by the cosine function of the angle
between the direction of the incident radiation and the
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Figure 3. Spectral irradiance of the wliRA irradiator as shown in Figure 1 (type
hydrosun® 750) as a function of wavelength. Curve 1: With inserted water filter
(thickness of the water layer =7 mm) and a cut-off filter of type BTE 595 (BTE
Elsoff, Germany). The spectral output is limited to wavelengths between 590 nm
and 1400 nm. Curve 2: Unfiltered halogen radiation (uHR) at about 2900 K CCT.
CCT: correlated color temperature.

700
600 7
S 500 3
I ]
© ]
< 400 A
£ ]
8 300 1
Q ]
o ]
S 200
E ]
100

T T I o B R S
10 20 30 40 50 60

Distance [cm]

Figure 4. Total irradiance of the wiIRA radiator as shown in Figure 1 (type
hydrosun®750) equipped with a cut-off filter (type BTE 595; BTE, Elsoff,
Germany) as a function of the distance between the radiation exit window and
the treatment field. The dotted vertical line indicates the standard distance of
33 cm, the horizontal line the corresponding irradiance of 200 mW ¢cm™2.
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Figure 5. (A) Horizontal distribution of relative irradiance at different (frontal)
distances from the radiation exit window, measured for a single radiator (type
hydrosun®750). Horizontal distances were referred perpendicular to the optical
axis. The distance of 33cm is recommended for standard applications.
(B) Superposition of the radiations of two wlRA-radiators in dependence of
their horizontal distance. The optimal distance between the two axes is 23.5 cm.
The advantage of the penumbra is allowing such configuration without
hot spot.
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Figure 6. Thermographic control at the onset and during wIRA-hyperthermia. A pigmented senile wart (arrow) was detected early after starting the therapy
because of its relatively high absorbance due to chromophores resulting in rapid temperature elevation. In order to avoid its influence on the power steering, the
wart was protected with tape, so that heating of the region of interest was no more disturbed. Treated region with field marks is indicated by the solid line; broken

rectangle depicts the area protected with tape.

normal to the anatomical contour. For clinical reasons, the
circular radiation field of a single radiator has intentionally
no sharp margin in the periphery. This penumbra (as shown
in Figure 1) allows for an overlapping of the radiations of
two radiators concurrently used in cases of broad lesions
and/or varying contoured anatomies (see Figure 5(B)). The
optimal distance between the two radiators can be assessed
by real-time thermography. Furthermore, the two radiators
can be adjusted in different angles according to individual
requirements of the treatment field. The use of real-time
thermographic imaging has the advantage that maladjust-
ment of the radiators can be detected in the thermographic
image and, if necessary, be corrected at the onset of therapy.
During the treatment, the location of maximum skin surface
temperature is indicated by crosshairs. It is up to the phys-
ician’s decision to cover this spot, e.g., by a tape (Figure 6).

The temperature of the hottest spot within the entire radi-
ated field captured by the IR-camera is compared to the pre-
selected maximum temperature permitted, and steering is
done accordingly: heating is interrupted when the upper
threshold (e.g., 43°C) is reached and is switched on when
the maximum surface temperature falls below the lower
threshold (e.g., 42°C). Possibly occurring ‘cold spots’ are at
present not compensated due to technical reasons.

Notably, the extension of the therapeutically heated tissue
area is definitely larger than the diameter of the maximum
relative irradiance due to lateral heat dissipation as a conse-
quence of convection and conduction.

4. Photobiological basis of tissue heating by wiRA

Human tissues are optically turbid media with several interac-
tions of IR radiation with cutaneous/subcutaneous tissue
characterized by different physical processes: (a) reflection at
the surface, (b) refraction at interfaces (e.g., air/skin or vari-
able tissue densities), (c) absorption by water molecules
and chromophores, (d) scattering (forward and back), and (e)
re-emission (as a consequence of backscattering).

The main absorbents for wiRA are water molecules (water
content of most soft tissues: 65-70%), and chromophores
such as heme proteins, pigments and certain lipids. In gen-
eral, tumors have a higher water content (on average +10%
v/v) than the surrounding normal tissue/tissue of origin
[26-28] causing a higher radiative absorption by the tumor
(i.e., leading to a better heating) compared to normal tissues.

There are two kinds of scattering: (a) Rayleigh-scattering
for scatters with diameters 1/100-1/20 smaller than the
wavelengths, and (b) Mie-scattering for diameters in the order
or exceeding the wavelengths. Assuming a mean wavelength
in the wiRA spectrum of 900 nm, cell membranes (6-10 nm),
the cytoskeleton (5-25nm) and ribosomes (10-20 nm) will
induce Rayleigh-scattering. Since most structures such as
muscle fibers (5-150 pm), cell nuclei (5-16 pm), mitochondria
(1-5pm) and other intracellular organelles, and collagen
fibers (approx.1 um) are much larger, they induce forward ori-
ented Mie-scattering, which is by far dominating.

Further sources for scattering may be fluctuations of the
dielectric constant, of densities and concentrations, and of
the refractive index as well. Rayleigh-scattering supports iso-
tropic distribution of radiation, whereas Mie-scattering prefer-
entially leads to forward orientation. All processes mentioned
are responsible for the attenuation of the incident irradiance.
They also depend on the wavelength and on the special
composition of target tissues (i.e., content of relevant chro-
mophores and scattering centers).

Photon energy of wilRA in tissue is mainly converted into
kinetic energy of water molecules, perceived as heat. But
energy can also be absorbed by photoacceptors causing
photochemical processes that mean nonthermal reactions.
These latter effects are based on a direct stimulation of cells
or cell structures (e.g. cell protrusions, influence on cyto-
chrome c oxidase, neurostimulation, wound repair and cell
protection (reviewed in [29]). In order to detect nonthermal
effects, dermal fibroblasts have been exposed to wIRA-radi-
ation without warming up the cells [30]. The authors did not
observe any impact on vital cell processes but identified a
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Figure 7. Relative spectral absorbance of radiation (visible light + wlIRA) as a
function of wavelength measured in vivo in human soft tissue (ear lobe) at a
depth of 2.4 mm (fair skin). Data calculated from direct measurements of spec-
tral remittance and transmittance [38].

nonthermal DNA-protective effect (i.e., a less pronounced
DNA damage upon a subsequent UVB exposure). Piazena
et al. [31] have shown that wlRA exposure did not generate
measurable cell death or inflammation in the tissue even if
an irradiance of 190 mW cm™2 within 780-1400 nm (equiva-
lent to 240 mW cm™2 within 590-1400 nm) was applied dur-
ing a treatment time of 30 min. Moreover, only convective
heating by air flow, but not heating by wIRA increased sig-
nificantly the number of free radicals in skin. Safety aspects
of the use of WIRA in the experimental and clinical setting
have been described in detail (e.g. [29,32-35]). From these
reports it is concluded that the application of wIRA with
adequate irradiances is a safe procedure. In the clinical set-
ting, WiRA has widely been used in various nononcological
therapeutic applications since the early 1990s in daily routine
as well as in randomized clinical trials [e.g., in wound healing,
reviewed in [36]) without any wIRA-related toxicity. wiRA is
also employed in incubator nursing and primary care of pre-
term neonates [37].

4.1. Radiative penetration depths and absorption of
wiRA in the tissue

The spectral range of wlIRA matches the range of the so-
called ‘optical window’ of living tissues where absorption of
radiation is small (see Figure 7).

As most of the soft tissues contain 65-70% water, reduc-
tion of the irradiance within the water bands and elimination
of IR-B and IR-C is a main condition for energy deposition in
the subcutis and for preventing heat pain and thermal skin
damage. In Figure 8, the characteristics of radiative inter-
action of wlRA compared to the unfiltered halogen lamp
radiation (UHR) are calculated for fair human skin [35,38,39]
and verified for wiRA by direct in vivo measurements [38].

In Figure 8(A) the losses of the incident irradiance by re-
emission and reflection at the skin surface are: 43% for wiRA
and 16% for uHR. The remaining wIRA irradiance penetrating
the tissue decrease to 50% at a depth of 0.5mm, to 36.79%
(=1/e) at 1.3mm, to 10% at 5mm, and to 1% at 15mm

[35,38] (curve 1). The corresponding data for the uHR are
36.79% (=1/e) at 0.5mm, 10% at 2.6 mm and 1% at 9.3 mm
(curve 2) [39].

Figures 8(B,C) provide characteristics of absorption in the
tissue for both radiations. Here, the ‘sub-surface’ irradiance
(which is defined as the part of the incident irradiance
remaining for penetration after re-emission and reflection)
was set to 100% at a ‘depth’ of 0 mm for realistic compari-
son. As shown in Figure 8(B), about 10% of sub-surface wiRA-
irradiance is absorbed between the skin surface and the
upper dermis at a depth of 0.3mm. In contrast, uHR is
already absorbed at a depth of 0.06 mm. Cumulative absorb-
ance increases to about 50% for wiRA at a depth of 2mm,
for the unfiltered halogen radiation at a depth of 0.4mm.
Finally about 1% of wIRA reaches a depth of 16.8mm,
whereas the unfiltered halogen radiation ends at a depth of
10mm [35,38,39]. Figure 8(C) presents the vertical profiles of
relative absorbance in the tissue for wiRA and uHR which
were calculated by differentiation of the data shown in
Figure 8(B) using depth steps of 0.1 mm. The relative absorb-
ance of the sub-surface irradiance within the epidermis
(0.1 mm) is about 3.2% for wiIRA (curve 1) and approximately
16.6% for uHR (curve 2). At the interface skin/subcutis both
radiations show the same relative absorbance of about 2.3%.
However, with increasing depth, the relative absorbance
decreases to about 0.01% at 20mm for wIRA, and at
13.8 mm for uHR [35,38,39]. In Figure 8(D) the depth profiles
of the ratio ‘sub-surface irradiance of wiRA/sub-surface irradi-
ance of uHR’ (curve 1) and of the ratio ‘relative absorbance
of wlRA/relative absorbance of uHR’ (curve 2) are depicted.
From these data it is obvious that (a) sub-surface irradiance
of WIRA progressively exceeds that of uHR with increasing
depth. Starting with a value of 1 at sub-surface (depth
=0mm), the ratio increases up to 2.4 at the interface skin/
subcutis (depth =1mm) and reaches a value of 5.7 at a
depth of 20mm; (b) relative absorbance of unfiltered radi-
ation significantly exceeds that of wiRA in the skin for depths
<1 mm. In contrast, the relative absorbance of wiRA progres-
sively exceeds that of uHR in the subcutis up to a factor of
5.35 at a depth of 20 mm.

Due to these features, it is obvious that wlRA is more
effective for heating of subcutaneous tissue than uHR or IR-C
radiation, the latter being completely absorbed in the epider-
mis [39]. Moreover, WIRA can reach blood vessels effectively
within the range of the above mentioned penetration depths
and, therefore, can transfer radiative energy into the circulat-
ing blood. Consequently, wiRA allows for the application of
(a) prolonged therapeutically relevant exposure times using
approximately two-times higher irradiances without causing
pain [39] and severe skin toxicities [13] (200 mW/cm? versus
<100 mW/cm? uHR, the so-called ‘conventional IR-A"), and (a)
faster and deeper heat extension within (tumor) tissues [38].

First comparisons of the heating properties between wiRA
and uHR on human tissues have already been performed by
Vaupel et al. with a prototype of the wlRA radiator [40,41].
Specific absorption rates (SARs) and flow rates derived from
these early measurements with the prototype wIRA radiator
according to the equations presented in section 4.2 are
shown in Table 1. These data confirm the statements made
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Figure 8. Optical characteristics of wIRA compared to the unfiltered halogen radiation (uHR). Data are calculated for fair skin assuming a plane parallel interface
between air and skin and local invariance of the spectral coefficients of absorption and scattering, and of the refractive index [35,38,39]. In panels A-C curve 1 rep-
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depth. (C) Relative absorbance as a function of tissue depth. Results are calculated by differentiation of the integral data in B using depth intervals of 0.1 mm. (D)
The ratio of the penetrating (sub-surface) irradiances (curve 1) and the ratio of relative absorbances (curve 2) between wIRA and uHR as a function of depth.

Table 1. Specific absorption rates (SAR) and flow rates derived from invasive
temperature measurements in skin and subcutis of the lumbar region of
human subjects during thermotherapy using the prototype wIRA radiator and
thermographic control of the skin surface temperature [40].

SAR [mW/g] Flow rate [ml x g’1 x min~"]
wiRA
Subepidermal layer 426 0.075
Subcutis (depth~1cm) 17.4 0.060
uHR
Subepidermal layer 55.4 0.083
Subcutis (depth~1cm) 14.8 0.058

Energy deposition in the subepidermal layer is higher by uHR, whereas wiRA
transfers more energy into the subcutis. The flow rates calculated are in
accordance with experimetal data published earlier.

above. It is obvious that energy deposition in the subepider-
mal layer is higher by uHR, whereas wIRA transfers more
energy into the subcutis. The flow rates calculated are in
accordance with experimetal data published earlier.

4.2. Calculation of SAR values and estimates of
perfusion rates in normal skin and in recurrent
breast cancers

Using initial power-on tissue temperature transients obtained
with the currently used TWH1500 system, SAR values related

to different tissue depths have been calculated upon wiRA-
heating with an irradiance of 200 mW/cm?, using the formula:
SAR =c x AT/At, where ¢ denotes the specific heat capacity
of the tissue and AT the local temperature increase during
the exposure time At. For ¢, a mean value of 3.6 Ws/g K was

chosen according to Wust [42]. The following data
were obtained:
Subepidermal layer: 81 mW/g, outer tumor layers:

81 mW/g, lymphangitis carcinomatosa: 77 mW/g, tumor/scar
interface: 83 mWY/g, recurrent breast cancer (at a depth of
approximately 2cm): 29 mW/g. These values are in agree-
ment with data described for ‘effective heating’ [42]. In these
cases the heating-up rates were 0.5K/min. Flow rates (FR)
were calculated based on the above SAR values using the
empirical formula FR=0.015 x SAR/AT [42]. AT defines the
local temperature increase ranging from about 7K in the
subepidermal layer to about 3K at a tissue depth of 20 mm.
The respective values are as follows: normal subcutis 0.17 ml
g "'min~", outer tumor layers 0.21ml g 'min~', and recur-
rent breast cancer tissue 0.13ml g~ ' min~".These calculated
flow rates are comparable with mean flow values published
earlier for breast cancers (FR=0.20ml g~' min~'[43,44]) and
for the normal skin (FR=0.13ml g~ min~" [45]).



32 (%) P.VAUPEL ET AL

100 =<
1T 0
| NG
~_=
7 N |
g v
— ° \\
g o
m v e
2 ~o
5 o
© 0
o N
= LN
o 10 4 ) N
< piglet 1 (red squares) AN |
(7] piglet 2 (blue circles) ~
piglet 3 (green triangles)
5 -
3 —— .
0 5 10 15 20
Depth [mm]

Figure 9. SAR data as a function of tissue depth in three anaesthetized piglets
exposed to wIRA using incident irradiances of 139mW cm 2 (piglet 1) and of
113mW cm 2 (piglets 2 and 3).

In order to get a comprehensive view with high time-,
temperature- and depth-resolution on the formation of the
heated tissue volume during wIRA exposure, anaesthetized
piglets have been irradiated with different irradiances. In
Figure 9, relative SAR values related to the depth in the tis-
sue upon WIRA exposure are depicted (data derived from
invasive temperature measurements). The values decrease
from 100% (about 96 mW/g for an incident irradiance of
139 mW/cm?, and about 62mW/g for an incident irradiance
of 113mW/cm?) in the upper epidermis to about 35% at
10 mm depth, and approximately 8% at 20 mm tissue depth.

4.3. Therapeutically relevant tissue/tumor temperatures
in wiRA-hyperthermia and effective heating depths

Minimum tumor temperatures of 39°C [46] or 40°C [21] and
sufficiently homogeneous temperature distributions in the
treatment field are prerequisites for effective hyperthermia
treatment in the oncological setting.

Possible factors influencing the temperature distributions
in the target field/volume are (a) incident irradiance and its
temporal variation during the exposure, (b) duration of the
exposure, (c) homogeneity of the incident irradiance, (d) size
of the treatment field, (e) physiological variations in the body
contour (plane vs. strongly curved), (f) skin surface patterns
(surface irregularities, pigmentation, perspiration, superficial
blood vessels, scars, ulcerations and bleeding, hornification),
(9) heterogeneity in tissue composition (e.g., vascularity, fat
and muscle layers, water content, edema formation), (h) spa-
tial and temporal heterogeneities in blood flow and intersti-
tial fluid pressure, and (i) effectiveness of stimulated counter-
regulatory mechanisms upon heat load (within a single treat-
ment and/or during the treatment schedule). From this com-
pilation of possibly influencing factors it is evident that
heterogeneities in tumor temperatures cannot be avoided in
most cases.

Figure 10(A) shows that individual factors such as variabil-
ity in thermoregulation may result in inter-individual differen-
ces in skin surface temperatures (decreases) during the IR
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Figure 10. Skin surface temperature as a function of exposure time using a
wIRA irradiance of 200mW cm 2. (A) Temporally constant exposure of the
backs of three healthy volunteers (1-3) without temperature control. (B)
Controlled skin exposure by switching on/off according to the thermographic
feedback signal (see Figure 2). In different treatments measurements were
taken on normal skin (4), on lymphangitis carcinomatosa (5), on tumor tissue
(6) and on tumor/scar tissue (7). Initial skin surface temperature of patients was
slightly elevated due to activities in preparation of the treatment. No air ventila-
tion, room temperature 22-24°C.

exposure even if the same irradiance is applied and the
environmental conditions are identical. These unwanted
effects, which may counteract the efficacy of treatment, can
be avoided by the thermography-based feedback system for
simultaneous control of the skin surface temperature as
described above. This is shown in Figure 10(B). Maximum
skin surface temperature of all patients increased up to
approximately 43 °C within less than 5—6min after starting
exposure as required by the ESHO guidelines [22]. Moreover,
maximum skin surface temperatures were maintained
between 42.5 and 43 °C during the whole treatment session
according to the therapeutic schedule and in order to pre-
vent heat pain and burns [47,48].

In tissues below the body surface, temperatures in general
decrease with depth (see Figure 11). At steady-state surface
temperatures of 42°C, tissue temperatures >40°C were
assessed up to a depth of approximately 15mm, tempera-
tures >39°C up to a depth of about 30mm [12,13,49]. In
cases of restricted convective transport or if fat tissue layers
reduce conductive heat transport, tissue temperatures may



slightly exceed skin surface temperature (see Figure 12). This
phenomenon may enhance the therapeutic efficacy of wiRA
in superficial tumors. The safety control system interrupts
wlRA-radiation at 43°C maximum skin surface temperature,
giving enough safety scope to reliably avoid thermal skin
damage which may occur at temperatures >45 °C.

5. Validation of wiRA-heating using phantoms

First measurements of heating properties of wIRA using
phantoms were performed by Kriiger et al. [50] and
Seegenschmiedt [11]. In these earlier studies, agar phantoms
were used initially prepared for microwave frequency heating
(e.g., 433MHz and 915MHz, equivalent to wavelengths of
69cm and 33 cm). In contrast, the wiRA spectrum comprises
frequencies between 3.80 x 108MHz and 2.14 x 10® MHz,
equivalent to wavelengths of 780 nm and 1400 nm.
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Figure 11. Mean temperature profile during wIRA exposure under steady-state
conditions. Measured data in normal tissues [49] (open squares), tumor tissues
[12] (open circles) and in recurrent breast cancers [13] (solid triangles).
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Figure 12. Mean tissue temperature profile upon 30min wIRA exposure of
three anaesthetized piglets (see Figure 9). Thickness of the skin: 4-5 mm, thick-
ness of the fat layer: approx. 5 mm. The maximum tissue temperature exceeded
surface skin temperature by about 1K. Inter-individual variability of tissue tem-
perature was in the range of+1K. Room temperature: 22-24°C (no air
ventilation).
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The relevant parameters for radiation in the microwave
range are electric conductivity and dielectric permittivity.
Both parameters can be derived from Maxwell’s electromag-
netic theory. As already mentioned above (see Section 4),
besides absorption, especially Mie-scattering has to be con-
sidered, since the more forward oriented Mie-scattering is
dominating with increasing cellular and extracellular struc-
tures. This leads to completely different requirements for a
tissue-equivalent wIRA-phantom. Components of the phan-
toms used so far (e.g., sugar, electrolytes and agar) are com-
pletely dissolved or suspended in water without any
contribution to scattering. To account for scattering, a novel
phantom has been used based on the recipes of Lualdi et al.
[51]. Accordingly, the components of the phantom were
chosen in a way that the absorption coefficient u, and the
scattering coefficient us coincide with the values for muscle
tissue at 900 nm, which is almost in the middle of the wIRA-
spectrum. Basic materials were a two-component silicon, alu-
minum oxide powder (Al,Os) and a cosmetic powder con-
taining titanium oxide particles.

In order to monitor wiRA-induced heating of this novel
phantom, a thermography camera (VarioCAM hr head 400,
Infra Tec, Dresden, Germany) was used [52]. To assess correct
absolute temperature readings, the emission coefficient of
the phantom was measured (€=0.91 at 40°C), allowing for
direct data collection from the entire phantom surface.

a. Vertical temperature profiles exhibited a temperature rise
of 9.6 K at 1cm depth within 6 min as using an irradi-
ance of only 92 mW/cm? (Figure 13, curve B). Choosing
the recommended irradiance of 200 mW/cm?, the
respective temperature rise is 20.8 K, thus exceeding the
minimum temperature increase (as required by ESHO
[22]) by a factor 2.2 (Figure 13, curve A). Under these
conditions, the thermal effective penetration depth
(TEPD) as defined by ESHO [22] was determined as
9.0mm. For these temperature measurements, the

25

20

15

10

Temperature increase [K]

0 5 10 15 20

Depth [mm]

Figure 13. Temperature increase as a function of depth in a “wIRA-phantom”
upon 6 min of exposure. Curve A: Incident irradiance 200 mW/cm?, correspond-
ing to the standard distance of 33 cm between radiator and phantom surface.
Curve B: Incident irradiance 92 mW/cm?, corresponding to a distance of 53 cm
between radiator and phantom surface (for details see also Figure 4). Phantom
temperature before wiRA exposure: 22.5+0.2 °C (no air ventilation).
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phantom was divided along a vertical plane into two
halves, so that the depth of maximum temperature
increase could be assessed.

b. Lateral temperature profiles were measured after 6 min
heating time on the surface only because sufficiently
thin slices of the phantom could not be manufactured
without significant technical efforts. In larger depths,
however, lateral temperature profiles can be estimated
by vertical temperature profiles distributed over the
entire cross-section, leading to a number of widely over-
lapping profile lines with high temperatures (see Figure
14) indicating a homogeneous heating of the phantom.
This pattern can also be verified by the lateral tempera-
ture profiles shown in Figure 15. The corresponding
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Figure 14. Vertical temperature profiles distributed across the entire cross-sec-
tion with averaged depth temperature curve (bold). Standard distance between
radiator and phantom surface: 33 cm, heating time: 6 min.
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Figure 15. Lateral temperature distribution at the surface of the ‘wiRA-
phantom’. The phantom edge is marked by the dotted line. Phantom height:
2.cm, heating time: 6 min. Slight asymmetries are caused by suboptimal posi-
tioning of the wiRA-radiator. The corresponding effective field size (EFS) accord-
ing to the ESHO guidelines is determined to about 300 cm? which equals a
circular area with a diameter of 19.6 cm. The minimal temperature increase on
the entire phantom surface is 5.0K.

measurement was performed in the standard distance
after a heating time of 6 min.

6. Thermometry and thermal imaging

Temperature assessment based on IR-radiation measurements
(e.g., IR-camera, IR-thermometer) is in general not suitable to
assess absolute values. To overcome this problem, a high-
quality black radiator and thermometers measuring absolute
values are currently used. The absolute temperature at a
defined reference point within the treatment field can be
measured with subsequent readjustment of the respective
emission coefficient in the IR-camera/IR-thermometer, and
thus correcting the temperature reading.

In case of nonmalignant, heavily pretreated tissues micro-
wave hyperthermia [53] as well as wiRA hyperthermia without
temperature control can induce burns by overheating due to
disturbances of the microcirculation and other factors.
Seegenschmiedt et al. [12] have reported skin reactions upon
WIRA exposure which required the immediate termination of
further heating.

Integrating the IR-camera into the closed feedback system
allows for (a) automatic shut-off and switch-on functions lim-
iting the maximum surface temperature to 43°C and thus
preventing any thermal skin damage, (b) contact-free assess-
ment of large surface temperature distributions, (c) observa-
tion of dynamic developments during heating sessions, (d)
instant and easily achievable protection of heat-sensitive
structures (e.g., scars).

7. Conclusions

WIRA for hyperthermia treatment of superficial tumors is a
unique technique in the oncological setting since it uses —
for the first time — a contact-free energy input and allows for
real-time temperature monitoring of dynamic changes in the
treatment field. Therefore, patients do not suffer from body
restrictions by boluses/applicators or painful contact with
ulcerated lesions. The risk of acute thermal skin damage is
substantially reduced, even in heavily pre-treated breast can-
cers. At maximum skin surface temperatures of 42-43°C, the
effective heating depth is 15mm (>40°C) and 20mm
(>39.5°Q), respectively. wiRA is a novel, approved and clinic-
ally effective technique [54].

8. Outlook

Although the oxygenation status of recurrent breast cancers
is substantially poorer than in the primary tumors [55-57]
and O, tension distributions of tumors growing in formerly
irradiated tissue are distinctly shifted to more hypoxic values
[58] (i.e., with an increasing number of radioresistant cancer
cells and an escape from antitumor immune responses), and
also considering possible further decreases of the mean pO,
values after hyperthermia [59], good local control through
lifetime after CR of macroscopic disease can be achieved
with wiRA combined with hypofractionated RT with this
effective treatment option.



Due to its special features in the treatment of superficial
tumors with depth extensions <20 mm, options for wiRA-HT
may include malignant melanoma (recurrences, in-transit
metastases), vulvar carcinoma, skin metastases of different
primary tumors, cutaneous T- and B-lymphoma, cutaneous
large-area hemangiomatosis, inoperable squamous cell, basal
cell and eccrine carcinoma. Photodynamic therapy using
WIRA (e.g., in the treatment of precancerous actinic keratosis)
is a further promising option in clinical oncology. wIRA may
also be considered as a tool to combine HT with radio-,
chemo- and immune-therapy of accessible mucosal malig-
nancies using flexible light guides.
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