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“For an understanding of the phenomena the first condition
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Foreword

Water-filtered infrared A irradiation (WIRA) is a special application of infrared A
irradiation. Its preferential induction of thermal, but also nonthermal, effects which
have a high tissue penetration and low heat load to the skin surface makes wIRA a
promising therapeutic method. Since its introduction in 1989, wIRA has been
applied experimentally and clinically to human and animal patients to treat and
improve an impressive variety of disease entities.

The editor, Professor Dr. med. Peter Vaupel, an internationally renowned tumor
pathophysiologist, has been involved in basic research and preclinical and clinical
investigations using wIRA irradiation during the last 30 years.

This book summarizes recent developments by presenting a wide range of up-to-
date clinical applications and offers an excellent overview on the topic, which will
be of relevance to readers from clinical disciplines and basic researchers alike. The
book is organized into two main fields: “Principles” and “Clinical Practice”.
“Clinical Practice” is the most substantial field being divided into parts on applica-
tion of wIRA in oncology, psychiatry, neonatology, dermatology, rheumatology,
and infectiology. “Principles” summarizes the historic development of wWIRA,
focusing on the physical basics, body’s reaction to hyperthermia, thermography, and
thermometry, and recommends clear terminology when applying wIRA.

Part IT focuses on the application of wIRA on breast cancer as well as superficial
cancers, whole-body application, and combination with gold nanoparticles. In sev-
eral chapters, the role of wIRA-induced hyperthermia as a radiosensitizer, chemo-
sensitizer, and stimulator of antitumor immune responses as an adjuvant in cancer
therapy is described. The role of wIRA in combination with photodynamic thera-
pies (PDT) is also outlined.

Mood enhancement induced by the application of whole-body hyperthermia to
treat various diseases led to positive effects being observed following whole-body
hyperthermia in depressive patients. Part III elaborates the promising theoretical
and practical applications of wIRA in psychiatry.

Hypothermia in neonates born at term or preterm is a serious problem. Part IV
presents experimental and clinical evidence describing the advantages of wIRA for
delivering direct, remarkable increases in infant-body core temperature, but with
lower skin surface warming compared to conventional radiant warmers.

Part V focuses on the effects of wIRA on impaired wound healing, imbalanced
fibroblast proliferation, and aberrant scarring and show the potential value of wIRA
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viii Foreword

as an adjuvant therapy. In addition, wIRA has been shown to improve the healing
process of acute and chronic wounds and enhance regular wound healing. In prin-
ciple, wIRA is capable of high tissue penetration accompanied by a low thermal
load to the skin surface. In addition, wIRA treatment significantly reduces local
pain, wound secretion, inflammation, and infection and, as an example, can signifi-
cantly accelerate the healing process of second-degree burns.

Part VI describes the results of adding wIRA to the existing multimodal therapy
concepts in patients with arthritis and fibromyalgia. In these cases, wIRA again
reduces pain by reducing the levels of C-reactive protein (CRP) and of TNF-a and
the requirement for analgesics.

Part VII reports the reduction of extra- and intracellular forms of the bacterial
genus Chlamydia. This is important for treating trachoma, an ocular infection with
the species Chlamydia trachomatis, which eventually leads to blindness, the treat-
ment of which remains a major challenge using traditional antichlamydial sub-
stances. Promising experimental data from the application of WIRA to ocular
chlamydial infections of laboratory animals provides good evidence for the efficacy
and safety of using wIRA to treat chlamydial infections.

Part VIII focuses on less well-known basic actions of wIRA such as the photo-
biomodulation, the heat-sensitive transient receptor potential (TRP) ion channels,
and its effects on nitric oxide production and infrared (IR) neural stimulation. The
intention of the final chapter is to further stimulate the use of wIRA and foster the
planning and delivery of additional clinical studies. It should always be kept in mind
that wIRA corresponds to the sun’s infrared irradiation, completely omitting IR-B,
IR-C, and UV spectrum.

In summary, this book provides a unique and excellent overview of the present
state-of-the-art use of wIRA and is recommended to readers from medicine, medi-
cal physics, physiotherapy, and biology, as well as interested patients.

Andreas Pospischil

University of Zurich,

Institute of Veterinary Pathology,
Zurich, Switzerland
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Glossary Used in wiIRA-Hyperthermia

H. Piazena, W. Miller, and Peter Vaupel

1.1 Introduction

Tissue heating by water-filtered infrared A radiation (WIRA) is based on interac-
tions between radiation and tissues. wWIRA-hyperthermia (WIRA-HT) requires an
interdisciplinary approach involving photobiological principles and laws, (patho-)
physiological tissue responses, and the needs of proper dosimetry. Thus, an exact
terminology is crucial to prevent interdisciplinary misunderstanding and to be con-
sistent with the International System of Units (SI). Science-based terms are also the
key for traceability and comparability of measured data published by different
authors and to prevent misconceptions and confusion of readers/users due to impre-
cise vocabulary or different denominations of identical parameters. Therefore, a
glossary of basic physical terms and of SI-based radiometry units is proposed for
consistent use in WIRA-HT. Also provided are terms defined by the European
Society of Hyperthermic Oncology (ESHO) which are currently recommended for
quality proof of superficial hyperthermia in oncology, and empirical, basic data for
wIRA skin exposures in radiation oncology and in physical therapy (Tables 1.1, 1.2,
1.3, 1.4, 1.5, 1.7 and Figs. 1.1, and 1.2).
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1.2

Recommended Terms

Table 1.1 Terms and tools to characterize the spectrum of infrared radiation [1-3]

Term Symbol

Electro- EMR
magnetic

radiation

Optical radiation

Infrared radiation IR
(total)

Visible radiation,
light

Infrared A
radiation
Infrared B
radiation
Infrared C
radiation
Water-filtered
infrared A
radiation®
Near-infrared
radiation
Mid-infrared
radiation
Far-infrared
radiation
Optical filter
Band-pass filter

VIS

IR-A
IR-B
IR-C

wIRA®

NIR
MIR

FIR

Dichroic filter,
Interference filter

Cut-off filter
Cut-on filter

Neutral density
filter
Water filter

wIRA-radiator
(syn.:
wIRA-irradiator)

Spectral
range
107"-10° m

0.1-1000 pm

0.78-

1000 pm
0.40—

0.78 pm
0.78-

1.40 pm
1.40-

3.00 pm
3-1000 pm

0.78—
1.40 pm

0.78—
3.00 pm
3-50 pm

50-1000 pm

T ~ 0 for
A<

T ~ 0 for
A=A
=1, (f< 1)

T¢= exXp
(_paw ° dw)

Note
Energy propagating in form of electromagnetic waves

Optical radiation is part of EMR responding to the laws
of optics regarding refraction, focusing, and reflection.
Ranges: Ultraviolet (UV, 0.1-0.4 pm), visible (VIS, i.e.,
“light,” 0.40-0.78 pm), and infrared radiation (IR,
0.78-1000 pm)

IR is a spectral range of optical radiation.

VIS is the visible spectral range of optical radiation. It is
usually called “light”.

Sub-range of IR, short-wavelength IR, recommended
term for use in medicine

Sub-range of IR, mid-wavelength IR, recommended
term for use in medicine

Sub-range of IR, long-wavelength IR, recommended
term for use in medicine

Short-wavelength IR spectrally filtered by a water layer
(= water filter)

Recommended term for use in medicine/biomedicine
Terms are frequently used in physics, geophysics, and
astrophysics

Not recommended for use in medicine due to significant
differences in the interaction with biological tissues
within the range of IR

Object that transmits spectral power selectively or partially
Object that minimizes radiant power outside of a
spectral band

(A1 £ A < Ay), (tp—Transmittance of the filter)

Special type of band-pass filter that transmits a defined
band of spectral radiant power and reflects the
remaining part

Object that minimizes transmittance t; below a defined
“cut-off” wavelength A,

Object that minimizes transmittance t; above a defined
“cut-on” wavelength A,

Object that reduces spectral radiant power by a factor f
(t; — Filter transmittance)

Object that minimizes spectral power by transmission of
a water layer of thickness d,, according to Lambert—
Beer’s law wherein ,,, defines the absorption coefficient
of water, and t; the transmittance of the filter

Device to irradiate objects with wIRA. Some types are
configured to emit also spectral portions of VIS (syn.:
wIRA-irradiator) (i.e., light). This does not enhance
their thermal effectiveness.

“Note: Effects of wIRA specified in this monograph are based on the use of wIRA-radiators which addi-
tionally emit a spectral portion of VIS to enable visual control of the treatment area and visual monitor-
ing of on—off cycles. This does not enhance their thermal effectiveness.
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Table 1.2 Terms and parameters to characterize WIRA emitted by a device and incident on the
surface of the exposed object [2-7]

Term
Emission
spectrum

Exposure

Exposure time

Radiant power?
Radiant flux®
Energy flux®
Radiant energy*
Radiant
exitance®

Radiant
intensity®

Radiance®®

Irradiance™?

Incident
irradiance®"

Homogeneity
criterion of
incident
irradiance®®

Effective size of
the irradiated
area

Radiant
exposure®’,
Irradiation®®
Dose®?

Symbol Unit

At

25)

H

[s]

(W]

[Ws], [J]
[mW cm™2]

[mW sr ]

[mW cm2 sr7!]

[mW cm™?]

[mW cm™2]

[cm?]

[mJ cm™2]

Definition and notes

Spectral radiant power or spectral irradiance
emitted by the radiation source as a function of the

wavelengths

General term to express receiving of radiation by
the surface of an object. Do not confuse with —
“radiant exposure”.

At=t.—ty

@ = dQ/dt

Q= /Al @ dt
M = dd/dA

I =d®/dQ

L = d/(dQ dA)

E = d®/dA

E;=d®/dA

253 > Es.min / Es,max

Duration from the beginning
(to) to the end (t.) of exposure
Radiant energy emitted,
reflected, transmitted, or
received per unit of time
Energy of radiation

Radiant power emitted per unit
area of the source surface. Do
not confuse with — “intensity”.
Radiant power emitted by
source surface per unit of solid
angle. Do not confuse with —
“intensity”.

Radiant power emitted per unit
of solid angle per unit of source
area

Radiant power received per
unit area

Entering radiant power
received per unit area on the
surface

Coefficient to evaluate the
horizontal distribution of
radiant power on the surface of
a receiver. For high uniformity
of exposure, g, > 0.9 is
recommended

Area on the surface of a receiver where the ratio
between minimum and maximum of radiant power

exceeds g,
H = dQ/dA = [y
E dt

Radiant energy received per
unit area. Integral of irradiance
over exposure time At. Do not
confuse with “radiation dose”
related to energy of ionizing
radiation absorbed per unit of
mass.

*Note: This quantity depends on the wavelength of radiation and on the spectrum of the irradiation

source used.

"Note: In case of tilted surfaces, values decrease according to the cosine of angle between the
directions of radiation and of the perpendicular on the surface 0, e.g., E(0) = E(0 = 0) - cos 0
(Lambert’s cosine law).



H. Piazena et al.

Table 1.3 Terms quantifying interactions of wIRA with tissues [2-7]

(a) Absorption
Term Symbol Unit
Chromophore

Absorbance?, A
Internal
absorbance?®

Absorptance® o

Absorption®

Absorption Mo [em™']
coefficient®

(b) Transmittance

Transmittance® ¢

Transmission®

(c) Scattering and remittance
Scatterers in the
tissue

Scattering®

Elastic
scattering
Inelastic
scattering
Rayleigh
scattering

Mie scattering

Backscattering

Definition and notes

Part of a molecule responsible for absorption of radiation

within one or more spectral bands resulting in electronic

transition (UV and VIS) or in thermal molecular movements

such as vibrations, rotations, and bending (IR). Usually, the

absorbing molecule itself is called “chromophore”.

A =1n (O, / Dy) Logarithmical ratio

=—In7t between the incident
radiant power ®; and the
transmitted radiant power
®r. Negative logarithm
of (—) transmittance t

a=1-7 Absorbed part of
radiation penetrating the
tissue

Physical process of radiant energy transfer to tissue

pa=A/1 Absorbance A per path
length 1

T=0r/ D Ratio between the

transmitted radiant power

@ and the incident

radiant power @
Physical process of radiant energy transfer passing the
tissue

Cells, nuclei, mitochondria, lysosomes, vesicles, striations
in collagen fibrils, cross-striations in muscle fibers,
macromolecular aggregates, membranes, fluctuations in
dielectric constant, density, refractive index

Multiple change of the direction of radiation propagation
due to collision with scatterers resulting in prolonging of its
retention time in tissue

Scattering without energy loss of the photons

Scattering with energy loss of the photons

Predominately elastic and isotropic scattering of radiation
by particles with small or very small diameters as compared
to the wavelength

Preferred to the forward hemisphere directed and
predominately elastic scattering of radiation by particles
with diameters similar or larger than the wavelength
Remission of scattered radiation from the surface of
exposed tissue in direction of the backward hemisphere
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Table 1.3 (continued)

Term Symbol Unit  Definition and notes
Scattering s [em™'] p=N;- o, Measure of scattering of
coefficient® radiation which depends
on volume density N; and
on the scattering cross
section o, of particles
Reduced T [em™] p=ps-(1-g) Measure of scattering
scattering considering anisotropy
coefficient® (g) of radiation
propagation
Attenuation? Decrease of irradiance, radiant fluence rate, and radiance
within the tissue due to absorption and scattering of
radiation
Effective et [em™'T pegr = [Bpa - (o + p)]1"? Measure of attenuation
attenuation of radiation by
coefficient® absorption and scattering
(surface) p p=D/ D Reflected part ®,; of
reflectance?, incident radiant power @
Reflectivity* by reflection at the
surface or discontinuity
in the tissue
Diffuse Ry Ry ~ exp (—=7pa/Petr) Remitted part of incident
reflectance?, radiant power by
Remittance? backscattering within the

tissue

*Note: This quantity depends on the wavelength of radiation and on the spectrum of the radiation
source used.

Table 1.4 Terms quantifying propagation of wIRA within tissues [2—7]

Term Symbol Unit Definition and Notes

Radiant fluence 18, [mW m?] E,= ﬂm Radiant power received by a target within
rate® LdQ the tissue from all directions of the
Spherical surrounding

irradiance®

Scalar irradiance®

Radiant fluence*  H, [mIm?] H,= f '\ Radiant energy received by a target within
Radiant spherical E, dt the tissue from all directions of the
exposure? surrounding volume during total exposure

time

Radiative 8, [cm] 8, = 1/pr  Depth of tissue where radiation power or
(effective) irradiance decreased to 36.77% (= 1/e) of

penetration depth? the incident value at the surface

*Note: This quantity depends on the wavelength of radiation and on the spectrum of the radiation
source used.



H. Piazena et al.

Table 1.5 Terms quantifying optical and thermal properties and thermal response of tissues

(a) Optical properties [2-7]
Term Symbol  Unit
Black body

Black body

radiation

Emission®

Emittance® e(T)

Definition and notes

Idealized non-reflecting body that completely absorbs
incident EMR of all wavelengths and emits thermal
EMR isotropic and proportional to fourth power of its
temperature T according to Stefan—Boltzmann’s law
Radiation emitted by excited atoms and/or molecules
when transitioning into an energetic deeper state

e = M(T)/My,(T) Measure to compare

Emissivity? thermal radiant exitance
from the surface of an
object M at temperature T
to that of black body M,
Optical Wavelength range where the tissue absorbs optical
window radiation to a significant lesser extent than at other
wavelengths. Based on absorbance of 50%, the optical
window ranges at about 600—1300 nm for fair skin and
at about 750—1300 nm for black skin.
Radiant M [mW cm™?] M = d®/dA Radiant power emitted per
exitance® unit area of tissue surface
Relative n n=c,/c,=sin0,/0, Measure of bending of a
refractive beam when passing from
index® medium 1 into medium 2

if phase velocities of
radiation in both media are
different (c; # c,). 0, is the
incident angle, and 0, is
the refracted angle to the
normal. The term n is
called absolute refractive
index if the beam transmits
from vacuum into a
medium.

(b) Thermal properties and responses [8—10]

Temperature T [°C]
Temperature AT [K]
difference

Heating rate* HR [K min~!]
Heating-up Atrss [min]

time?*

State variable. Measure of the thermal state of an

object

AT=T,-T, Measure of the difference
between two thermal states

HR =0T /&t Increase of tissue

temperature after
ot = 1 min of exposure
Exposure time to achieve thermal steady state (TSS)



1 Glossary Used in wiRA-Hyperthermia 9

Table 1.5 (continued)

Term
Specific
absorption
rate*

Symbol
SAR

Effective field
size

EFS

Effective EPD
penetration
depth®
Temperature
rise?

Thermal
effective
penetration
depth®
Thermal
effective field
size*

Thermal
steady state*

TR

TEPD

TEFS

TSS

Cumulative
thermal
equivalent
minutes®

CEM,;

Cumulative
thermal
equivalent
minutes at
Tog*
Thermal dose T,
T

CEM,;Ty

Cool-down
time

Aty

Unit
[mW g7']

[em?]

[mm]

[K]

[mm]

[cm?]

[°C]

[min]

[min]

[°C]

[min]

Definition and notes
SAR =¢,-HR Radiant energy cumulated
per unit tissue mass after
ot = 1 min of exposure
(under the assumption of
negligible heat dissipation
due to blood perfusion)
Size of an area within the tissue at a depth of 1 cm
where SAR equals or increases by 50% of its
maximum

Tissue depth at which SAR decreases to 50% of its
maximum

Increase of tissue temperature 6 min after start of
exposure

Tissue depth at which TR decreases to 50% of its
maximum

Size of an area within the tissue at a depth of 1 cm
where TR equals or increases by 50% of its maximum

Thermal state after achieving balance between heat
input and heat loss by dissipation and thermoregulation
(i.e., tissue temperature is approx. constant)

CEM,; = ﬂ R®T®) d¢ Thermal dose of treatment
performed at temperature
T expressed as cumulative
equivalent minutes at

43 °C

Cumulative equivalent
minutes at 43 °C for the
temperature Ty, during the
treatment time

CEM,; = f R&T00) dt

Thermal dose expressed as tissue temperature
exceeded by x% of temperature data measured during
the treatment

Time to reach 36.73% (= 1/e) of maximum tissue
temperature after finishing wIRA-exposure

2Note: This quantity depends on the wavelength of radiation and on the spectrum of the radiation

source used.
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1.3  Occasionally Used, Obsolete,
and Non-Recommended Terms

Table 1.6 Examples

Non-
recommended or
obsolete term
Brightness

Extinction
Fluency

Intensity

Irradiation
intensity
Minimal heating
dose (MHD)

Near-infrared
light,

Infrared A light
Radiation
strength
VIS/wIRA
VIS/wIRA
irradiator

VIS/WIRA
irradiance

wIRAR
wIRA irradiator

Comment

Defined to describe physiological perception of
visible radiation (light). Not recommended
term to characterize radiance of a source
emitting ultraviolet or infrared radiation

Obsolete term

Incorrect term to quantify radiant energy
received per unit area or by a target within the

tissue

Term used to describe radiant power, fluence
rate, or irradiance. Not recommended for
quantitative characterization

Term used in a confuse way to characterize

fluence rate or irradiance

Not existing as physical parameter due to
non-applicability of the Bunsen—Roscoe law of
reciprocity to tissue heating by infrared
radiation or by further (convective or

conductive) heat sources
Wrong and confusing terms

Not an official term

Incorrect term for combined use of wIRA and
of VIS emitted by a wIRA-irradiator

Wrong and confusing term to characterize total
irradiance of a wIRA-irradiator

Not an official term

Alternative term for specification of a device
for irradiation of an object with wIRA

Recommended term
Radiance

Absorbance

Per unit area: radiant
exposure, irradiation,
dose.

By a target: radiant
fluence or radiant
spherical exposure
Radiant power

Fluence rate or irradiance

Infrared-A radiation
(IR-A)

Irradiance

VIS and wIRA emitted by
a wlRA-irradiator (with
extended emission
spectrum)

Irradiance (VIS) and
irradiance (IR-A)
(irradiances of both
spectral ranges should be
specified separately)
wIRA

wIRA radiator

Note: A distinction between radiator/radiation and irradiation is proposed according to (1)
O.W. Leibiger, L.F. Leibiger, Dictionary for Scientists (1964), Edwards Brothers, Ann Arbor MI,
and (2) C. Morris (Ed.) Dictionary of Science and Technology (1992), Academic Press, San Diego,
New York. wIRA radiator: device emitting water-filtered infrared A; irradiation: process by which
an object is exposed to radiation.
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1.4  Empirical and Basic Data for wiRA Skin Exposures
in Radiation Oncology and in Physical Therapy

[8,10-13]

1.4.1 Main Characteristics

Table 1.7 Performance of effective wIRA-hyperthermia (WIRA-HT) in the clinical setting

Radiation
Parameter oncology
Incident Up to

irradiance (IR-A) 150 mW cm™
Incident =

irradiance (VIS,)

Incident Up to
irradiance (total) 200 mW cm—

Diameter of the 16 cm
effective size of
the irradiated area

40 cm

Treatment time 40-60 min

Maximum skin 43 °C
surface

temperature

Tissue 3943 °C
temperature

required for

effective

(adjuvant) HT of

superficial cancers

Tissue depth with  0-26 mm
HT > 39 °Cin

superficial cancers

Physical
therapy
<150 mW cm™

<50 mW cm™

<200 mW cm™>

16 cm

40 cm

<60 min

<43 °C

Notes

Related to emission within the spectral
range of IR-A

Related to emission within the range of
590-780 nm (VIS,;)*

Related to emission within VIS, and
IR-A (590-1400 nm). The use of this
quantity is not recommended due to
incorrect merging of irradiance of two
spectral ranges with different efficacies
regarding photochemical and thermal
effects.

Using one normally oriented wIRA-
irradiator® at a distance to skin surface of
33 cm and for required homogeneity of
) >09

For using two parallel and normally
oriented irradiators® at a distance to skin
surface of 33 cm and for required
homogeneity of g, > 0.9. Lateral distance
between both irradiators = 23.5 cm

Data presume short preheating times (up
to 10-15 min) to reach therapeutically
needed tissue temperatures. Times should
be adequately prolonged if longer
heating-up periods are needed (see

Fig. 1.1).

Tissue temperatures >43 °C for treatment
times >60 min can lead to skin and
subcutis toxicity.

HT > 39 °C needed to increase local
perfusion, tissue oxygenation, and
vascular permeability; stimulation of
antitumor immune responses; triggering
of abscopal immune responses (see

Fig. 1.2)

(continued)
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Table 1.7 (continued)
Radiation Physical

Parameter oncology therapy Notes

Tissue depth with  0-17 mm HT > 40 °C is optimal for thermo-

HT > 40 °C in chemotherapy (with little additional
superficial cancers increase of sensitization >42 °C).
Tissue depth with  0-8 mm HT > 41 °C necessary to inhibit DNA
HT >41°Cin repair (double-strand breaks) (Fig. 1.2)
superficial cancers

Tissue depth with Not reached HT > 43 °C can lead to direct cytotoxic
HT > 43 °Cin effects.

superficial cancers

*Note: Data related to wIRA-irradiators of type Hydrosun 750 (Hydrosun Medizintechnik,
Miillheim, Germany) equipped with a cut-off filter of type BTE 595 (BTE Elsoff, Germany).
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1.4.2 Heating-up Times Necessary to Reach Thermal
Steady-State Temperatures During wiRA-Hyperthermia
in Normal Tissues [13]

Fig. 1.1 Mean values and 25
standard deviations of ]
heating-up times necessary
to reach steady-state
temperatures in the
abdominal wall and lumbar
region as a function of
tissue depth. wIRA
skin-exposure using an
incident irradiance of

135 mW cm~? (IR-A) [13]
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1.4.3 Mean Steady-State Temperatures During
wlIRA-Hyperthermia in Normal Tissues and Human
Cancers [11-13]

43
42 ]
.. A
o ]
g 41 THT >=41°C °
2 j A
[ i ]
qé‘) JHT >= 40°C 4
g >=
g 40 &« -
. i D
é ] A 4, ~ .
= {HT >= 39°C <
39 -
S T o e e e e e e e e e B N s e e e S ML e e e e s e e e
0 5 10 15 20 25 30

Tissue depth [mm]

Fig. 1.2 Mean steady-state tissue temperatures during wIRA-HT as a function of tissue depth.
Irradiances used for heating of different human tissues: 110135 mW cm~2 Data assessed in recur-
rent breast cancer (dots [11]), in various human tumors (triangles [12]), and in abdominal wall and
lumbar region (squares [13]). Broken line: extrapolation of the best-fit line (solid). HT levels
>39 °C: local increase in perfusion, tissue oxygenation, and vascular permeability; stimulation of
antitumor immune responses, and fostering of abscopal immune responses (local effects within
tissue depths of O mm to approx. 26 mm, green border). HT levels >40 °C: optimal temperature
levels for thermo-chemotherapy with little additional increase of sensitization >42 °C (within tis-
sue depths of 0 mm to about 17 mm, blue border). HT levels >41 °C: tissue temperatures necessary
to inhibit DNA repair (double-strand breaks, within tissue depths of 0 mm to about 8 mm, red
border). Tissue temperatures >43 °C for longer treatment times are mandatory for direct
cytotoxicity
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From Sun to Therapeutic wiRA 2

W. Miiller, H. Piazena, and Peter Vaupel

2.1 Introduction

Everybody realizes intuitively that “sunshine” can be beneficial and invigorating.
This also applies to animals and plants. There are first indications that the radiation
of the sun was used for therapy and wellness since 1400 B.C. [1]. “Heliotherapy” is
one of the oldest treatments humans have intentionally applied for disease preven-
tion and health improvement. The role of the sun for all life on Earth has been rec-
ognized at a very early stage. In almost all cultures, people have developed sun
cults, which are supposed to be an intuitive appreciation of the importance of the
sun. There are profound reasons for this. As part of the solar system, Earth arose
after the sun and was always exposed to the solar radiation. As a consequence, what-
ever happened on Earth took place under the influence of the sun.

Assuming that primeval forms of life arose in water, water was at the same time
the element for chemical reactions, and a means of transport for dissolved sub-
stances, and environment. Energy available in the radiation of the sun probably
acted as a stimulating factor. Fossils in stromatolites of the primeval seas of the
archaean verify that cyanobacteria have performed photosynthesis with the aid of
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the solar radiation billions of years ago [2]. In order to get a better understanding
about the nature of this radiation, it is mandatory to have a closer look at how it is
produced.

2.2  Generation of the Electromagnetic Radiation in the Sun

The huge amount of energy emitted by the sun is generated by nuclear fusion. The
temperature in the core of the sun is about 15 x 10° K, as indicated in Fig. 2.1a. The
kinetic energy of atomic particles in this core is correspondingly high. Under these
conditions and with the aid of the tunnel effect, by which a particle can pass through
a potential energy barrier that is higher than its own energy and can overcome
mutual repulsions, hydrogen is fused into helium in a multistep process as shown in
Fig. 2.1b.

The cycle starts with the collision of two protons to form a deuteron (deuterium
nucleus) with the simultaneous creation of a positron and a neutrino. When the posi-
tron encounters a free electron, both particles annihilate. Their mass energy is con-
verted into two y-photons (y-rays) with high energy, according to Einstein’s law:

E=Am-¢’ 2.1)

where Am = mass loss in the nuclear fusion, and ¢ = phase velocity of light.

When the deuteron collides with a proton, a helium nucleus is created together
with a y-photon.

The overall equation is as follows:

4'H+2e —*He+2v +6y (2.2)
and the energy emitted into the space amounts to AE = 26.2 MeV [4].

2.2.1 The Extra-Terrestrial Solar Spectrum

On its way to the photosphere (see Fig. 2.1a), observable from Earth as the surface of
the sun, every y-photon has its own individual fate. In nearly all cases, it loses energy
because of interactions with other atomic particles before it is emitted into the space.
Absorptions and re-emissions take place. Photons are also scattered within short dis-
tances, and a continuous spectrum of photons, related to their energies, is created. This
spectrum of electromagnetic waves can be expressed according to Max Planck’s law
which connects the energy of a photon with the frequency and the wavelength of an
electromagnetic wave, respectively (wave-particle-duality):

c
E=hv=h— 2.3
) (2.3)

where E = energy, ¢ = velocity of the light, A = wavelength, 7 = Planck’s constant,
and v = frequency.
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Fig. 2.1 (a) Internal structure of the sun. The radius numbers show the distance from the center related
to the total sun radius of about 700,000 km. The way of the y-photons (y-rays) from the core to the surface
and the decrease of their number is indicated by white zigzag lines (permission granted by Dr. Margarita
Metaxa) [3]. (b) Multistep process of the nuclear fusion, in which hydrogen is burned into helium
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In this spectrum, the proportion of the y-photons is small as expected. Photons
with less energy cover a wide range, which extends from 107! m to 10® m (see
Fig. 2.2). For historical reasons, this spectrum has been arbitrarily subdivided into
regions (ranges) based on different wavelengths [5].

This extra-terrestrial solar spectrum has a characteristic shape (see Fig. 2.3,
curve 2) and has a maximum at 500 nm (blue-green light). The spectrum is super-
imposed by emission and absorption lines (Fraunhofer lines) that are mainly caused
by gases in the photosphere of the sun at temperatures of about 5800 K. It can be
approximated by a black body spectrum at 6000 K and can, therefore, be described
mathematically with Planck’s radiation law.

Planck’s radiation law describes the spectral radiant exitance of electromagnetic
radiation emitted by a black body in thermal equilibrium at a given temperature
T. In the following form, it mathematically describes the differential spectral radiant
exitance of an area A [7]:

<— Increasing frequency (v)

10* 102 10*® 10" 10" 10" 10" 10" 10° 10° 10* 10° 10° v (Hz)
I ] 1 I ] 1 1 I ] 1 ]

yrays X rays uv IR Microwave |FM AM Long radio waves
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|

1 I I I I II 1 1 I I 1
107" 10 10 107 10 :510's 10% 102  10°  10° 10* 10° 10°  y(m)

e o TR Increasing Wavelength (1) —=

Visible spectrum

Fig. 2.2 The spectrum of electromagnetic waves emitted from the sun, subdivided into spectral
regions. Author: Philip Ronan. Permission granted under the terms of the GNU Free Documentation
Licence [5]
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av, =2 1 g e
}, e(W)—l

where dM, = differential radiant exitance in the wavelength interval di, ¢ =
2.9979-10% ms~! (vacuum velocity of the light), & = 6.6256-1073* Ws? (Planck con-
stant), and k = 1.38054-1072% JK~! (Boltzmann constant).

Other formulas can be derived from this theoretical superstructure. By differen-
tiation, Wien’s displacement law is obtained (first described by Wilhelm Wien, inde-
pendent of Max Planck):

A == (2.5)

where 4,,.,= wavelength of the maximal spectral exitance of a black body, and b =
2897.8 pmK (Wien’s displacement constant).

Equation (2.5) shows the inverse relationship between the wavelength of the
emission maxima and the temperature. At higher temperatures, the maxima are
shifted to smaller wavelengths (see Fig. 2.4).

By integration, the Stefan—Boltzmann law can be derived, describing the power
radiated from a black body as a function of its temperature (earlier deduced by Josef
Stefan and Ludwig Boltzmann):
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Fig. 2.4 Characteristic radiation curves of a black body at different temperatures covered by
Planck’s radiation law
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M=cT* (2.6)
where M = radiant exitance, ¢ = 5.67032:10~® Wm~2 K~ (Stefan—-Boltzmann con-
stant), and 7 = absolute temperature [K].

2.2.2 The Terrestrial Solar Spectrum

Before radiation from the sun reaches Earth, it must pass the terrestrial atmosphere.
The solar spectrum on Earth exhibits strong absorption lines and bands indicat-
ing interactions of the radiation with gases in the atmosphere (see Fig. 2.3, curve 3).
As soon as water was on Earth, it was also in the atmosphere, mainly as water
vapor. The first forms of life in water that were developed during evolution were
exposed to solar radiation which was filtered through the water which was con-
tained in the atmosphere and in their environment.

When the first living creatures colonized the land from sea, filtering by their origi-
nal habitat was lost and they became continuously exposed to the solar radiation
which was water-filtered in the atmosphere. Besides atmospheric ozone which
absorbs short-wavelength UV radiation, and carbon dioxide which is responsible for
thermal buffering in the atmosphere, the water in the atmosphere protects life from
overheating by IR-B and IR-C and thereby provides suitable thermal conditions on
Earth. Water-filtered IR-A has therefore influenced life during evolution until today.

2.3 The Generation of Absorption Lines and Bands (Water
Bands) in the Terrestrial Spectrum, Interaction Between
Water Molecules, and Electromagnetic
Radiation (Photons)

2.3.1 Structure of the Water Molecule and Hydrogen Bonding

Decisive for the interaction between water molecules and photons is the structure of
the water molecule. It consists of two hydrogen molecules and one oxygen mole-
cule forming a triangle (see Fig. 2.5a).

Since the negative electrical charge of an oxygen atom is greater than the positive
charge of a hydrogen atom, the electrons of the covalent bonds are drawn to the
oxygen molecule. The center of both positive charges is spatially separated from the
center of the negative charge, thereby creating a dipole. This dipole can take up
energy from an electromagnetic field, and since covalent bonds have a certain
amount of elasticity, the energy is converted into kinetic energy, e.g., in the form of
vibrations along the binding arms and in rotations (see below).

Another property of the dipole character allows water molecules to interact with
each other. The more positive part (H) approaches the more negative part (O) of a
molecule in the neighborhood to create a hydrogen bond [9]. In this way, molecular
spatial clusters are formed, and the individual molecules are restricted in their
movement (see Fig. 2.5b, c).
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Fig. 2.5 Structure of the water molecule: (a) ball and stick model, with the angle between the
atoms causing the dipole character of the molecule, (b) hydrogen bonds (Author: Benjah-bmm?27,
public domain [8]), and (c¢) water clusters, discrete hydrogen-bonded assemblies of water mole-
cules. Author: Raimund Apfelbach, public domain [9]

2.3.2 Vibrations of the Water Molecule

2.3.2.1 Fundamental Vibrations

The freely movable water molecule (in water vapor) can vibrate in three basic ways:
symmetrical stretching, asymmetrical stretching, and bending (see Fig. 2.6).
Transitions from the lowest possible energy state of the molecules to the first excited
state in these different vibrational modes are indicated by vy, v, and v;. Energy
required for excitations is supplied - in quanta - by photons, usually expressed in
wavelengths [10].

The excited states are characterized by quantum numbers n. n = 0 describes the
ground state, n = 1 the first excited state, etc. (see Fig. 2.6). The wavelengths related
to the basic stretch vibrations are in the infrared-B (IR-B) range (1.4-3.0 pm), and
the wavelength for bending is in the IR-C range (3—1000 pm). The energy for transi-
tions from the ground state into higher excited states with, for example, two or three
times the basic frequency, is taken from photons with smaller wavelengths and can
cause absorption lines up into the red region of the visible spectrum (see Fig. 2.7) [10].

According to quantum physics, the higher the step of excitation, the lower the
probability that it will occur and the lower the expression of the absorption line.
This explains why in the terrestrial solar spectrum the most pronounced absorption
bands are in the IR-A range.

2.3.2.2 Combination Vibrations

Vibrations can be composed of basic vibrations like v; + v, or v; + v, + v; Or
2 v3 + lv,. The corresponding energies are added, the absorption lines are shifted to
smaller wavelengths. This kind of vibration, called combination vibration, provides
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Fig. 2.6 Basic vibration
modes of the water
molecule and their
characteristic energy levels
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Fig. 2.7 Shift of the basic absorption lines after different steps of excitation

numerous combination possibilities. Combination bands are observed when more
than two or more fundamental vibrations are excited simultaneously. Their energies
can be close together to form pronounced absorption bands. They are marked by the
quantum numbers related to the kinds of vibration (v,,1,,v3)— (2,1,0) [11, 12].

2.3.2.3 Rotations

In addition to basic vibrations, rotations can increase the kinetic energy of the water
molecule. There are three independent axes of rotation, which all go through the
center of gravity close to the oxygen atom (see Fig. 2.8).

The rotation around each of these axes has its own moment of inertia (distribu-
tion of the mass related to the axis of rotation). Consequently, the rotational spec-
trum has no obvious structure. Since the moments of inertia on rotation are very
small, the energies required for excitations are correspondingly small and the



2 From Sun to Therapeutic wiRA 25

—
X ./$\. &
S S

Rocking Twisting Wagging
Y X — axis y - axis z- axis

Fig. 2.8 Axes of rotation of the water molecule [13], and the different kinds of rotation related to
these axes, with different moments of inertia

absorption lines are in the IR-B and IR-C range, in the microwave range, and in the
range of radio waves. In liquid water, the movements of the molecules are consider-
ably restricted by hydrogen bonds. Stretch vibrations require less energy, and rota-
tions are reduced to librations [14, 15], i.e., the molecules no longer rotate, but only
oscillate around their axis of rotation: They rotate back and forth. The absorption
lines are shifted to longer wavelengths.

Basically, in liquid water each molecule is influenced by its surrounding matrix
and creates its own absorption behavior related to the environment in which it is
currently located. Summation of all single absorption lines results in a more or less
broad absorption band.

The most important conclusions from these processes are as follows: (a) The energy
absorbed by water molecules of solar radiation is exclusively converted into kinetic
energy that means into heat; since the water content of soft tissues varies between
30-85% [16], water is the key chromophore/absorber for hyperthermia; (b) the water
content in the tissue allows for detection of locally growing superficial tumors (sur-
rounded by normal tissue) by temperature measurements (e.g., with an IR-camera),
because most tumors contain 2-3 times more (interstitial) water than normal tissues
[17] and, therefore, can “preferentially” be heated; (c) for thermal therapy (syn. thermo-
therapy), the water bands are decisive. Before radiation hits the skin, the number of
photons within these bands must be reduced. If this would not occur, high irradiation in
these bands would preferentially heat up upper tissue layers, which could result in non-
tolerable heat-induced pain and thereby prevent effective heating of deeper tissue lay-
ers. Water-filtered radiation thus reduces the risk of overheating body surfaces and
allows for deeper penetration of the rest of the spectrum into the tissue.

In fair skin and underlying tissues, the absorption coefficients of the main chro-
mophores (absorbers) have relative minima in the region between about 600 nm and
1300 nm (visible light and IR-A) (see Fig. 2.9). In this region, called the optical
window, two effects come together: reduction of the irradiation in the water bands,
mainly in the IR-A region and absorption minima of other absorbers. Therefore, the
IR-A region is most important for tissue heating.

24  Generating Therapeutic wiIRA

The generation of therapeutic wIRA requires an electromagnetic spectrum, which
aligns with the most important characteristics of the terrestrial solar spectrum:
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1. The spectrum should be continuous, similar to the spectrum of a black body.
2. Its maximum should be in the IR-A region.

3. The radiation has to be water-filtered.

4. The radiation power should be higher than that of the sun.

Among all radiation sources, filament lamps best fulfill these criteria, especially
halogen lamps. Therefore, in the wIRA-radiator, a 750 W halogen lamp is installed
with a correlated color temperature CCT of about 2900 K (see Fig. 2.13a). According
to Wien’s displacement law, the maximum is at around 1082 nm, approximately in
the middle of the IR-A region, as needed (see Fig. 2.10a).

A 7-mm-thick water layer in a hermetically sealed cuvette is used to “water fil-
ter” the spectrum. This thickness is an empirical compromise between the need to
decrease irradiance within the water absorption bands and achieve the irradiance
outside these bands, which is required for therapy.

2,5 Comparison Between Therapeutic wiRA
and the Terrestrial Solar Spectrum

There is a great congruence between therapeutic wIRA and the terrestrial solar
spectrum (see Fig. 2.11). The small shift of absorption bands to longer wavelengths
because of hydrogen bonding is not relevant. The much higher spectral irradiance of
wIRA in the IR-A than that of the solar spectrum enables adaptations to specific
therapeutic needs as required.

As mentioned above, the water bands are more strongly expressed in the IR-A
range due to the higher probability for lower step excitations of the water molecules
requiring energy from the IR-A. The absorption lines in the visual part of the spec-
trum are only slightly pronounced. In principle, they can increase tissue heating, but
their contribution, related to those of the bands in the IR-A, is small and can, there-
fore, be neglected.
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Fig.2.10 (a) Curve 1: spectral irradiance of the 750 W halogen lamp (unfiltered), curve 2: spec-
tral irradiance of the lamp after passing through a 7-mm water filter. (b) Comparison of spectra of
solar terrestrial irradiance and absorption by water showing that the most significant areas of over-

lap occur in the region of 800—-1300 nm, reducing the irradiance of solar radiation [19]
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Fig.2.11 Spectral irradiance of the water-filtered halogen lamp and of the terrestial midday sun
in comparison. The shift of the absorption bands to longer wavelengths because of hydrogen bond-
ing is obvious. Vertical red lines indicate the wavelengths of the absorption bands in the solar
spectrum, and vertical blue lines indicate those of the halogen radiation filtered by liquid water
[11]. It must be considered that additional substances in the atmosphere can influence shape and
position of the absorption bands in the terrestrial spectrum
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A cut-off filter (type RG 780) is used for pure wIRA irradiation (see Fig. 2.12).
If a part of the visible irradiation is desired (e.g., for easy visual control of radiator
function and marking of treatment fields. Note: Pure IR-A is not visible!), a cut-off
filter (type BTE 595) is recommended (see Fig. 2.12).
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2.6 The wiRA Radiator

The wIRA radiator (type Hydrosun 750, Hydrosun, Miillheim/Baden, Germany) is
schematically shown in Fig. 2.13a. In this wIRA radiator, the halogen lamp is placed
in the focal point of a concave mirror collimating most of the radiation. The filter
bracket acts as a diaphragm. Because the lamp filament is not a point radiation
source and reflection of the concave mirror does not completely create a parallel
beam, the main radiation is somewhat divergent (see Fig. 2.13b).
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Fig. 2.13 (a) Scheme (cross-section) of the Hydrosun wIRA radiator (type Hydrosun 750,
Hydrosun Medizintechnik, Miillheim/Baden, Germany). Courtesy of Hydrosun Medizintechnik,
Miillheim/Baden, Germany), (b) collimation of radiation by a concave mirror inside the irradiator.
Author: Synkizz. Permission by creative-commons-license 3.0 [20]
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2.6.1 Characteristics of Therapeutically Applied
wliRA Irradiation

2.6.1.1 Setting the Desired Irradiance

Depending on the therapeutic effect to be achieved, irradiance can be adapted by
varying the distance between the wIRA radiator exit and the target area (patient). In
this way, the spectrum is not altered. Varying the power supply of the lamp instead
would influence the emitted spectrum according to Wien’s displacement law
(Fig. 2.14).

2.6.1.2 Homogeneity of wiRA

To avoid heterogeneous heating of the target area, the homogeneity of the irradia-
tion has to be monitored. As shown in Fig. 2.15, the size of the homogeneously
irradiated area depends on the distance between radiator exit and target. Even in the
case of two combined radiators, the homogeneity in a considerably enlarged treat-
ment field is sufficient, despite the overlap (Fig. 2.15b).

2.6.1.3 Combination of Two wiRA Radiators

In cases of large-sized lesions, combining two wWIRA radiators enlarges the treat-
ment field considerably (see Fig. 2.15b). The optimal distance between the two
radiators can be assessed by real-time thermography. In addition, they can be
adjusted in different angles according to individual requirements of the treat-
ment field.
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2.7 Conclusions

Compared to other IR radiations used for thermo-therapy such as IR-C radiation,
wIRA is approximated (up to a high degree) to the natural IR-A radiation of the sun,
filtered by the water vapor in the atmosphere. Humans are adapted to this radiation
during evolution. wIRA can be applied contact-free and thus also to ulcerated
lesions without any discomfort for patients. Combining wIRA with a part of the
visible spectrum clearly indicates the irradiated target field without influencing
heating and allows for real-time temperature monitoring in the treatment field; this
is unique in the hyperthermia field. The water bands in the spectrum reduce the risk
of thermal skin damage yet supply sufficient energy for effective tissue heating
(3943 °C) up to tissue depths of 26 mm [22].
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Physical and Photobiological Basics 3
of wiRA-Hyperthermia
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Abbreviations

ESHO European Society of Hyperthermic Oncology
HR Heating rate

SAR Specific absorption rate

SST Steady-state (tissue) temperature

TR Temperature rise

TSS Thermal steady state

wIRA Water-filtered infrared A

wIRA-HT wIRA-hyperthermia

3.1 Introduction

Derived from the primary idea to simulate living tissue heating, as experienced by
solar infrared radiation at the surface of our planet, hyperthermia using water-
filtered infrared A radiation (WIRA) has been established as a potent method in
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physical therapy and radiation oncology (see [1-11] and respective chapters in this
book). wIRA-hyperthermia (WIRA-HT) is based on tissue heating induced by
absorption of water-filtered infrared A radiation by chromophores (mainly water
molecules). However, kinetics of heating and resulting heating states depend on
several physical and photobiological processes, and on physiological/regulatory
responses. These processes interact with each other and should be considered to
ensure appropriate hyperthermia levels that are required for special indications.

This article aims to extent and update previous publications on physical and pho-
tobiological basics of wIRA-hyperthermia [12, 15] with a special focus on optical
interactions of wIRA with tissues, thermal field formation during irradiation within
tissues, and the kinetics of temperature decay after completion of wIRA exposure.

The following items will be discussed in more detail: (a) effects of irradiance,
exposure time, thermoregulation, and individual responses upon heating, (b) needs
for adequate dosage and documentation of WIRA exposures due to the non-
applicability of the Bunsen—Roscoe law of reciprocity upon tissue heating, (c) evi-
dence of direct conversion of absorbed wWIRA irradiation into heat, as assessed by
comparison of depth profiles of wIRA penetration and of heating rates, (d) vertical
temperature profiles and their dependence on irradiance and individual thermoregu-
lation, and (e) effects of irradiance on tissue heating with respect to the quality
assurance criteria of the European Society of Hyperthermic Oncology (ESHO) for
adequate heating.

Analyses of the thermal field formation within the tissue have been based on
invasive temperature measurements in piglets that had been in vivo irradiated with
wIRA using different irradiances [16], supplemented by data derived from analo-
gous measurements in human abdominal wall and breast cancer [17, 18]. Optical
interaction data have been derived from measurements on healthy volunteers of
different skin color and are discussed using model calculations [19, 20].

3.2  wlRA:Infrared Radiation That Fits into the Optical
Window of Tissues

From the optical point of view, human tissues can be considered as turbid media.
When optical radiation penetrates the skin, subcutis/fat layer, and muscle, its propa-
gation is characterized by multiple scattering and absorption. Both processes depend
on the wavelength. Scatterers with small diameters—as compared to the wave-
length—cause isotropic (Rayleigh) scattering. Small diameter scatterers include
membranes, striations in collagen fibrils and muscle fibers, and macromolecular
aggregates with diameters between about 10 nm and 100 nm. However, the greater
the diameter of scatterers, the more the scattering passes into forward direction (Mie
scattering). Scatterers of the latter type are lysosomes, vesicles, mitochondria, and
nuclei having diameters between about 100 nm and 10 pm. Moreover, each inter-
face within the tissue causes scattering if the relative refraction indexes of both
media differ. Similarly, fluctuations of the dielectric constant and of density may
contribute to scattering. As a consequence, the multiple scattering that appears
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prolongs the retention time of radiation in the tissue and results mainly in forward
propagation of short-wavelength infrared radiation, in deep penetration and trans-
mission, and in backscattering within the tissue and diffuse reflectance (remission)
(see Fig. 3.1).

According to the first law of photobiology (Grotthuss—Draper law), only absorp-
tion of radiation (by chromophores) causes photochemical and photophysical
effects within tissues. The most important chromophore of human soft tissues is
intra- and extracellular water (average water content ~70-80%). However, as shown
in Fig. 3.2, the absorption coefficient of water in the visible spectral range is small.
It increases with wavelength up to a factor of about 15 within the range of IR-A, but
up to 10* for wavelengths above 1400 nm. This causes strong absorption of mid- and
long-wavelength infrared radiation (IR-B and IR-C) within the subsurface layer of
the skin and defines the long-wavelength edge of the optical window (see Fig. 3.3).
The short-wavelength edge of the optical window is mainly defined by absorption
of radiation according to the contents of hemoglobin and melanin, and by increasing
influence of scattering with decreasing wavelengths (Figs. 3.2 and 3.3).

Presuming values for relative spectral absorbance <0.5, the optical window
ranges from about 600 nm in fair skin and about 750 nm in black skin to about
1300 nm. Curve 2 in Fig. 3.3 shows that the spectrum of the wIRA radiator matches

reflection incident irradiance
diffuse reflectance depth
air A
ol ® ’refraction 0
stratum corneum @ .-
y o sy a | . R — -10 um
epidermis o -
A I -100 um
o
. >
dermis o
o target .absor tion @
=] b - - .
2 backscattering
= -1
= . 000 pum
2
E absorption and
. 2 multiple scattering
subcutis g 7 transmission

Fig. 3.1 Schematic overview of interactions between optical radiation and skin. Processes of
interaction are reflection at the surface, refraction of subsurface irradiance, multiple scattering and
backscattering, and absorption by chromophores ([14], ©Thieme Gruppe). Layer depths are
approximate values for human skin (epidermis and dermis). Individual thicknesses of skin may
deviate. Measured values for Caucasians ranged from 0.5 to 2.0 mm with mean values between 0.8
and 1.5 mm [21]. The proportion of the epidermis within the dermis is approx. 4% for Caucasians
and up to 8% for Asians [21]. In piglets, thicknesses of skin and fat layer are up to 5 mm each [16]
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Fig. 3.2 The spectral absorption coefficient (y,, left ordinate) of melanosomes, oxyhemoglobin,
deoxyhemoglobin, lipids (25% fat), and water, and the reduced spectral scattering coefficient of
skin (p’,, right ordinate) as a function of wavelength ([14], © Thieme Gruppe)

the optical window of tissues. It shows minima where spectral absorbance shows
maxima, and it is limited to the spectral range inside of the optical window.

3.3  Optical Effects of Interaction Between wiRA and Tissues

3.3.1 Spectral Transmittance and Remittance of wiRA (In
vivo Data)

Spectra of transmittance and remittance measured in vivo show characteristic local
minima (Fig. 3.4a, b, curves la, 1b). These characteristic curves are caused by
absorption of radiation within the absorption bands of water (maxima at about 970,
1197, and 1400 nm), of lipids (maxima at about 932 and 1212 nm), of hemoglobin
(maxima at about 573 and 758 nm), and of cytochrome-c (maximum at about
840 nm) and can be used for optically based diagnostics. However, since intra- and
extracellular water is the main absorbent of infrared radiation in the tissue, the basic
concept of WIRA relies on the extracorporeal attenuation of infrared radiation
within the spectral absorption bands of water by using a water filter, which mini-
mizes the spectral distribution within these absorption bands and outside of the
spectral range of IR-A [13].
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Fig. 3.3 Relative spectral absorbance in fair skin (curve la, blue) and in black skin (curve 1b,
green) compared to the relative spectral irradiance of a wIRA-radiator (type Hydrosun 750,
Hydrosun Medizintechnik, Miillheim, Germany, curve 2, red) as a function of wavelength. Relative
spectral absorbance data were calculated from in vivo measurements of spectral transmittance at
the ear lobes and of spectral remittance at the forearms of volunteers with fair or black skin.
Individual thickness of both ear lobes: 2.4 mm [19]. The wIRA-radiator was equipped with a water
filter of 7 mm thickness and with a cutoff filter (type: RG 780/3, Schott, Mainz, Germany)

Thus, wIRA entering the skin shows a similar spectral distribution as compared
to the spectra of transmittance and remittance within the spectral range of IR-A
(Fig. 3.4a, b, curves la, 1b, and 2). This allows for (a) direct transformation of
absorbed energy into heat in deeper tissue layers and (b) reduced heating in the
upper tissue layers by absorption of radiation within the absorption bands of water,
as compared to unfiltered IR-A (for detailed data, see [19]).

The transmittance of ear lobes (individual thickness: 2.4 mm) is exemplified in
Fig. 3.4a: the maximum appears at a wavelength of about 1082 nm with values of
30.0% (fair skin, curve 1a) and approximately 23.4% (black skin, curve 1b), whereas
within the total IR-A range, mean values range from 19.4% (fair skin) to 15.3%
(black skin).

Weak absorption enabling deeper penetration into the tissue is correlated with a
high loss of incident radiation due to backscattering and remission. This results in
maximum remittances of 62.4% (fair skin) and 56.5% (black skin) at a wavelength
of about 1082 nm and in mean values of 45.4% (fair skin) and 44.0% (black skin)
within the total IR-A range (Fig. 3.4b, curves la, 1b).
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Fig. 3.4 Relative spectral transmittance (a) and relative spectral diffuse remittance (b) assessed
in vivo in fair skin (curve 1a, blue) and in black skin (curve 1b, green) compared to relative spectral
irradiance of a wIRA-radiator (type Hydrosun 750, Hydrosun Medizintechnik, Miillheim,
Germany, curve 2, red) as a function of wavelength. Spectral transmittance data were measured in
the ear lobes, and spectral remittance in the forearms of volunteers with fair and black skin.
Individual thickness of both ear lobes: 2.4 mm [19]. Arrows show local minima due to absorption
by hemoglobin (573 nm, 758 nm), cytochrome-c (840 nm), lipids (932 nm, 1212 nm), water
(970 nm, 1197 nm, and 1400 nm), and local maxima (1082 nm and 1268 nm). The wIR A-radiator
was equipped with a water filter of 7 mm thickness and with a cut-off filter (type: RG 780/3, Schott,
Mainz, Germany)

It is apparent that the effect of absorption by melanin in black skin upon spectral
remittance and spectral transmittance within the IR-A range is small. In contrast,
mean transmittances (shown in Fig. 3.4a) shift from 13.0% (fair skin) to 5.3% (black
skin) and remittances (shown in Fig. 3.4b) from 45.9% (fair skin) to 19.2% (black
skin) in the visible range.

3.3.2 Penetration of wiRA into Tissues

Penetration of wIRA into tissues was calculated using a model based on Monte
Carlo simulation, which assumes fair, bloodless, plane-parallel oriented skin, and
vertical homogeneous distribution of scatterers and chromophores within the tissue
[19, 20].

Results depicted in Fig. 3.5 show that incident irradiance (= 100%) decreased to
about 53.6% at the immediate subsurface of the skin, indicating a loss of incident
irradiance of about 46.4% due to diffuse remission. This calculated value is in very
good accordance with the remittance of 45.4% measured in vivo for fair skin using
wIRA-exposure (see Fig. 3.4b, curve 1a). Calculated transmittance at a tissue depth
of 2.4 mm is about 23.5%, a value that differs from the in vivo measurement (see
Fig. 3.4a, curve 1a) by about 20% and is within the ranges of error for the measure-
ment and model calculation.

Considering the 20% margin of error for the model calculation and in vivo condi-
tions, approximated levels of relative irradiances of wIRA in fair skin and underly-
ing tissues (subcutis and muscle) are 36.8% (1/e) at a depth of 2.3 mm, 10% at
5 mm, 1% at 16 mm, and 0.1% at 28.5 mm.

It is noteworthy to mention that the slope of the curve in Fig. 3.5 transitions from
a steep to shallow decline with increasing depth at a depth of about 5 mm. This is
the result of decomposition of the incident wIRA spectrum with depth due to spec-
tral selective absorption by chromophores (as shown in Fig. 3.2) and in favor of
spectral parts where absorption is small.
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3.4 Thermal Field Formation in Superficial Tissues During
wIRA-Hyperthermia

In vivo data reported in this chapter are derived from wIRA-skin exposures of the
upper thighs of anesthetized piglets (body weight: 15-20 kg) [16]. To exclude
superposing effects of convective or conductive heating upon skin and tissue tem-
perature, wIRA-treatments were performed in a closed room with constant air tem-
perature of 22-24 °C, without airflow, and with humidity monitoring turned on.

3.4.1 Individual Responses to wiRA-Skin Exposures

The thermal state of tissues during wIRA-heating depends not only on spectrum,
irradiance, and exposure time, but - according to Pennes’ Bioheat equation - also on
additional factors such as individual local blood flow, heat conductivity of tissues,
and metabolic heat production [20, 22].

This is exemplified in Fig. 3.6 by comparing two identically exposed piglets.
Probably due to its higher body core temperature of 39 °C (resulting in decreased
vertical temperature gradients in the tissue and in decreased convective heat trans-
port by increased blood flow due to its higher body temperature), piglet p2 was
unable to effectively thermoregulate and, thus, showed a continuous increase in
temperature during the exposure up to a tissue depth of 10 mm, exceeding 45 °C at
a tissue depth of 4 mm after 35 min wIRA-irradiation was consequently stopped. In
contrast, piglet p3 initially showed a physiological body core temperature of
37.8 °C. P3 achieved a thermal steady state due to rapidly activated thermoregula-
tion and approximately constant temperatures (up to 43.5 °C) within the upper tis-
sue layers after ~15 min of wIRA-exposure. Further activation of thermoregulation
was started after ~40 min of exposure to decrease the temperature level.
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Fig. 3.6 Temperature at FBB-6.fpw
skin surface (1) and at 48
tissue depths of 4 mm (2),

10 mm (3), and 20 mm (4) 44 -
as a function of treatment
time during wIRA-skin
exposure of two piglets (p2
and p3) in vivo (a: p3, blue
lines, b: p2, red lines).
Irradiance used:

126.5 mW cm2 (IR-A)

42

40

Temperature ['C]

depth piglets

1: Omm a: p3 (blue)
36 - 2: 4 mm b: p2 (red)
3: 10 mm 0: body core
4:20 mm temperature
34I'"'I'"‘I"“I""I""I""I
0 10 20 30 40 50 60
Time [min]

3.4.2 Effects of Irradiance, Exposure Time,
and Thermoregulation Upon Heating

During the first 1-2 min of exposure, tissue temperature increases approximately
proportionally with exposure time and as a function of irradiance and tissue depth
(as shown in Fig.3.6). This is caused by a delayed onset of heat dissipation and
thermoregulation and allows for the calculation of heating rates as a crucial measure
of heating effectiveness (see Sect. 3.4.3).

Data in Fig. 3.7 A show that after the onset of thermoregulation, i.e., 2-5 min
after onset of exposure, irradiance affects the extent of regulatory processes in dif-
ferent ways. Using the smallest irradiance, only moderate regulation is evident
resulting in a continuous increase in tissue temperature (curve 3). In contrast, the
two higher irradiances caused adequate thermoregulatory responses resulting in a
balance between heat input and heat dissipation, i.e., in a thermal steady state
(curves 1 and 2).

Note: Limitations in thermoregulation may result in tissue overheating (as dis-
cussed above for piglet p2 in Sect. 3.4.1). Therefore, febrile patients and patients with
inadequate convective (i.e., blood flow-mediated) heat transfer due to certain periph-
eral vascular pathologies should be excluded from wIRA-treatment if continuous con-
trol/monitoring of skin surface temperatures using thermography is not ensured.

Radiant exposure (dose) Hyra is calculated according to

H .. =E_ . At 3.1)

wIRA wIRA

where Ers denotes the irradiance of wIRA, and At denotes the exposure time.
Data in Fig.3.7b show that identical doses result in different levels of tissue
hyperthermia. They are inversely related to the exposure time and correlate directly
with irradiances. Thus, tissue heating cannot be adequately characterized by speci-
fying the radiant exposure (dose) due to its dependence on the thermal impact
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Fig. 3.7 Mean values and a FBB-7a.fpw
standard deviations of skin 46 ]
surface temperatures as a {1 skin surface
function of exposure time 44 R
(a) and of dose (b) 43C %J—’Q—ﬂ—\l
calculated according to Eq. i 2
(3.1). Skin exposures were § 42 //'llf‘l‘*‘:kfl’
performed with wIRA ) | 3 Ag_,,,ii——"'
using IR-A irradiances of 2 40 1 x"*"/
126.5 mW em™ (1, g irradiance (IR-A)
diamonds, four piglets), g' 38 ) &
103.2 mW cm™2 (2, |q_, 1:126.5 mW cm
triangles, four piglets), and 2:103.2 mW cm™2
85.0 mW cm (3, dots, 36 1 3: 85.0 mW om-2
three piglets) ]
34 I B B B B |
0 10 20 30
Time [min]
b 46 FBB-7b.fpw
skin surface

44
43°C PO I G |
XL

irradiance (IR-A)
1:126.5 mW cm2
2:103.2 mW cm2

3: 85.0 mW cm™2
34 I L L L L e e e e e |
0 50 100 150 200 250

Radiant exposure (dose) [J cm™]

Temperature [°C]

determined by irradiance and exposure time and, additionally, by heat dissipation
and metabolic heat production. For this reason, the Bunsen—Roscoe law of reciproc-
ity is not applicable in tissue heating and reported data should specify both irradi-
ance and exposure time, instead of the dose only [20].

3.4.3 Effective Tissue Heating by Direct wiRA Absorption
and Heat Conduction

To prove effectiveness of wIRA-heating within tissues, vertical profiles of relative
heating rates and of relative temperature rises in piglets were compared to the pro-
file of relative wIRA-irradiance (Fig. 3.8a, b).



3 Physical and Photobiological Basics of wIRA-Hyperthermia 45
a FBB-8a.fpw
Relative heating rate after 1 min of exposure
100 3 4100
& 1 1 T
gy - - [
2 )
T 104 410 &
[ ] 7 =3
A 1 2
o 1 .. N ] o
o 7 incident irradiance (wIRA) 1 3
£ B 5 ~ E @
‘g’ 1: 126.5 mW cm™ ~_ g
T 19 2:1032mwcem2 ~~ 71
1 3 85.0mwcem™ .
] 0:relative irradiance 4
i in the tissue (WIRA) i
0.1 —_— —r——10.1
0 5 10 15 20
Tissue depth [mm]
FBB-8b.fpw
b p
Relative temperature rise after achieving TSS
100 3 4100
g ] ]
CRE. { 2
& 2
g 10 A 410 &
° 3 3 =3
2 3 ] ©
= ] ] =3
(0]
= 1 incident irradiance (wIRA) S~ - E
© ] ~ ] )
5 1:126.5 mW cm ]
Q ~ =
OE, 14 2:103.2mwW cm™2 ~o 1
F 1 3 85.0mwcm=2 ]
1 O: relative irradiance 1
i in the tissue (WIRA) i
0.1 S e e e e e e e e L E —r—r 0.1
0 5 10 15 20

Tissue depth [mm]

Fig. 3.8 Relative heating rates assessed in piglets after 1 min of wIRA-exposure (a), and relative
temperature rises during wIRA skin exposure after achieving thermal steady states (b) in compari-
son with relative wIRA-irradiance (0, broken line) and as a function of tissue depth. Piglets were
exposed to wIRA-irradiances (IR-A) of 126.5 mW cm™2 (1, red diamonds), 103.2 mW c¢cm~ (2,

green triangles), and 85.0 mW cm~2 (3, blue dots)
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Heating rates were calculated using the temperature increase in the tissue (3T) as
a function of tissue depth (d) during the first minute of exposure (6t = 1 min) and
before onset of thermoregulation according to:

HR (d)=6T(d)/ 6. (3.2)

In contrast, temperature rise data were related to the conditions after achieving
thermal steady states.

To compare depth profiles, relative wIRA-irradiance data within the tissue were
normalized to the value at the skin surface, and relative heating rates and relative
temperature rises were related to the respective mean values at the skin surface of
piglets exposed to 126.5 mW cm~2 (IR-A).

According to Fig. 3.8a, relative heating rates measured at tissue depths of
5-20 mm comparably decrease with depth as compared to the decrease of wIRA-
irradiance. This verifies, for the first time by experimental data, that (a) direct con-
version of absorbed energy of wIRA into heat occurs significantly in the total depth
range observed and (b) absorption of wIRA initially is the only source of heating.

In the skin of piglets (tissue depths of 0-5 mm), the heating rate shows a smaller
decrease with depth as compared to the decrease in wIRA-irradiance. This is due to
a (a) rapid induction of both, conductive (by molecular vibrations) and convective
(via blood flowing through U-shaped capillary loops in the papillary and subpapil-
lary layers, thus locally heated by direct radiation absorption), centripetally oriented
heat flow, which also contributes to tissue heating in addition to the heating by
absorption of radiation and to a (b) heat loss at the skin surface by increased radiant
exitance to the environment.

In contrast, after achieving the thermal steady state, relative temperature increments
only marginally decreased with depth, as compared to the decrease in relative wIRA-
irradiance (Fig. 3.8b). This is caused by the balance between heat input (by wIRA
absorption and conductive/convective heat transport from upper to deeper tissue layers)
and heat dissipation due to thermoregulatory responses (mainly by an increase in blood
flow resulting in convective heating of the body core and by conductive heat transport
into deeper tissue layers). Evidence for this interpretation is based on the increased
body core temperatures of piglets after skin exposure to wIRA (see [16], Table 3.1).

3.4.4 Vertical Temperature Profiles After Achieving Thermal
Steady States

Tissue temperatures in piglets show maxima in the skin at a depth of ~ 4 mm. These
increase skin surface temperatures up to 2 K in individual cases and to about 0.7 K
on average, and these ranged from 43.6 °C for 126.5 mW cm™ to 42.6 °C for
85 mW cm™? (Fig. 3.9). Similarly, tissue temperatures assessed in the abdominal
wall and the lumbar region of healthy volunteers exceeded skin surface tempera-
tures by about 0.6 K at a depth of 1 mm (see Fig. 3.2 [23]).

In piglets, these maxima result from heat accumulation in the transition region
skin/subcutaneous fat layer due to decreased conductive heat transport into deeper
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Table 3.1 Mean tissue depth with therapeutically relevant temperature ranges during wIRA-HT
after achieving thermal steady states. Means assessed in piglets in vivo exposed to different irradi-
ances and in the abdominal wall of healthy volunteers exposed to wIRA (135 mW cm~2, IR-A) [16,
23]. Note that skin thickness is different in humans and piglets. Skin thickness is & 5 mm in piglets
[16]. In humans, the thickness of the skin (epidermis + dermis) of the abdominal wall and lumbar
region ranges from 2 to 2.5 mm [21]

Mean tissue depth with therapeutically efficient HT levels [mm]
Humans exposed

Tissue temperature Piglets exposed to to

[°C] 126.5 mW cm=2 103.2 mW cm=2 85.0 mW cm=2 135 mW cm™>

>39 > 20 >20 >20 <26

>40 >20 >20 >20 <17

>41 16 16 12 <8

>42 11 10 10 <2

43-44 8 Not reached Not reached <1
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tissue layers when heat passes the fat layer [16], and might, under certain circum-
stances result in side effects due to overheating of tissues [24].

In both, fat layer and skeletal musculature temperatures continuously decrease
with tissue depth. Based on data shown in Fig. 3.9 (and in Fig. 1, presented in
Piazena et al. [23]), Table 3.1 provides mean tissue depths with therapeutically rel-
evant temperature levels.

3.4.5 Choice of Irradiance for Adequate wiRA-Hyperthermia
in Oncology

Heating rate, as defined in Eq. (3.2), is considered a crucial parameter for character-
izing and documenting the performance of heat applicators used in hyperther-
mia [25].
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Fig.3.10 Heating rates assessed in vivo as a function of tissue depth in the upper thigh of piglets
exposed to WIRA using IR-A irradiances of 126.5 mW cm™ (curve I, red diamonds),
103.2 mW cm~2 (curve 2, green triangles), and 85.0 mW cm~ (curve 3, blue dots). Data are mean
values and standard deviations (curve fits using polynomial regression). Results are compared to
published data from preliminary in vivo measurements in human abdominal wall (pink stars, [17])
and in recurrent breast cancer (black squares, [18]) during wWIRA skin exposure using
146.2 mW cm2 (IR-A) [26]

For adequate/appropriate performance, the guidelines of the European Society of
Hyperthermic Oncology (ESHO) require values of HR >1 K min~! at a tissue depth
of 5 mm for applicators used for superficial heating [25].

As shown in Fig. 3.10, heating rates increase with irradiance and decrease with
tissue depth. In piglets, the quality criterion of ESHO is not fulfilled at heating rates
using wIRA-irradiances of 85.0 mW cm~2 and of 103.2 mW cm. In contrast, ade-
quate heating rates are reached in piglets exposed to 126.5 mW cm~ and using
146.2 mW cm~2 for human abdominal wall and breast cancer [26].

Further data analysis yields an approximately linear increase in mean heating
rates with rising irradiances. This results in mean heating rates >1 K min~" at 5 mm
for wIRA-irradiances >110 mW c¢cm~2 (Fig. 3.11).

Figure 3.10 depicts substantial individual variability of HR data, and thus, wIRA-
irradiances of 135-150 mW cm~2 (IR-A) are currently recommended for wIRA-
hyperthermia in the clinical setting to ensure compliance with the quality assurance
criteria of ESHO for appropriate heating of patients and to limit the risk of side
effects due to overheating. Compliance of wIRA-hyperthermia with temperature
rises requested by ESHO for adequate heating has been proven under in vivo condi-
tions after achieving thermal steady state in piglets irradiated with a wIR A-irradiance
of 126.5 mW cm~2 (IR-A) and in human abdominal wall exposed to 146.2 mW cm™2
[26]. Results are provided in Table 3.2, which presents additional data of specific
absorption rate (SAR), which is closely related to heating rate by
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SAR=c, -HR. (3.3)

(Data of specific heat capacity: ¢, = 3.662 Ws g=' K~! for skin, ¢, = 2.387 Ws
g~ K=! for fat, ¢, = 3.639 Ws g~! K~! for muscle tissue, and ¢, = 3.852 Ws g=! K~
for tumor tissue [26]). (Eq. 3.3 should be restricted as first estimation of SAR,
neglecting the effect of skin blood flow and refers to more accurate models, such as
Pennes’ Bioheat equation [22].)

Fig.3.11 Mean heating 20 FBB-11.fow
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Table 3.2 Summary of in vivo data from superficial tissues of piglets and in humans during
wIRA-irradiation with reference to parameters for adequate heating [25]. Tissues investigated:
skin/subcutis of the upper thigh (piglets), abdominal wall (humans [17]), and recurrent breast
cancers (humans [18])

In vivo data from piglets and humans using
wIRA-irradiance (IR-A)

Piglets Humans

Quah[y Reference 126.5 mW cm— 146.2 mW cm™

request  depth/exposure Abdominal Recurrent
Quantity [1, 18] time Upper thigh wall breast cancer
Heating rate =il 5 mm 12+05 1.8 1.3
[K min~']
SAR [mW g~'] >60? 5 mm 63 £25 110 80
Temperature ~ 6° S mm/ 50+1.0 n.a. n.a.
rise [K] 6 min*

5 mm/ 8.0+1.3 6.9 n.a.

during TSS

TSS thermal steady state, n.a. not available.
* Parameters defined for a muscle tissue equivalent phantom [25].
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3.4.6 Post-Heating Temperature Decay Times to Ensure Effective
Hyperthermia Levels During Subsequent Radiotherapy

Radiotherapy immediately following hyperthermia (a potent radiosensitizer) must
be performed at post-heating temperature levels >39 °C.

Figure 3.12 shows the time periods for post-heating temperature decays to reach
effective hyperthermia levels of 39-42 °C. Measurements were performed in anes-
thetized piglets exposed to an irradiance of 126 mW cm=2 (IR-A), i.e., exposed to an
irradiance of therapeutic relevance and in accordance with the quality standards of
ESHO for appropriate hyperthermia (see Sect. 3.4.5). The shortest times for decays
to reach 42 °C were about 1.5 min at the skin surface and approximately 4.5 min at
a tissue depth of 8 mm. The longest times for decays to reach 39 °C were about
8 min at the skin surface and 20 min at a tissue depth of 20 mm. The respective
mean post-heating decay times for the temperature to reach 40 °C were ~ 4.5 min
and =~ 11 min. Standard deviations in Fig. 3.12 indicate significant deviations from
these mean values in individual cases.

Thus, in radio-oncological (HT-RT) settings, it is strongly recommended/manda-
tory that, to ensure effective hyperthermia levels (39-42 °C) when following wIRA-
HT treatment with radiotherapy (RT), the heated region should be covered with a
thermo-isolating blanket between the two treatments (time interval <5 min).

3.5 Conclusions
Using irradiances >110 mW cm=2 for wIRA-hyperthermia (wIRA-HT) has been
proven to comply with the quality standards of ESHO for appropriate tissue heating
under in vivo conditions.

Fig.3.12 Post-heating
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reach effective
hyperthermia levels of
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. L —%
squares) as a function of 15
tissue depth.'M.eans and A 4
standard deviations were h——]
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completion of wIRA skin
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By adjusting the spectrum to the optical window of tissues, wIRA skin exposures
allow effective tissue heating (T >39 °C) up to 26 mm in humans (abdominal wall).
Direct conversion of absorbed radiation into heat is supplemented by secondarily
induced conductive and convective heat transport from upper to deeper tissue layers.

Tissue heating using wIRA should be specified by irradiance and exposure time
as wIRA-hyperthermia cannot be sufficiently characterized by the radiant exposure
(dose). This is due to heat dissipation by conductive and convective heat transport
of individual, different kinetics, and limitations in transport capacity within the tis-
sue. Thus, similar doses result in different heating states if applied irradiances are
different, and the Bunsen—Roscoe law of reciprocity cannot be applied to describe
dosages in schedules of hyperthermia.

The use of hyperthermia in oncology (combined with radiotherapy, chemother-
apy, anticancer immunotherapy, or combinations thereof) and in physical therapy
should not only consider relevant hyperthermia levels of tissues needed at target
depths as shown in Table 3.1 (see also Fig. 3.9 for piglets and Fig. 2 shown for
humans by Piazena et al. [23]), but also heating-up times needed to achieve steady
state of the target temperature (see Fig. 1, Piazena et al. [23]).

Post-heating temperature decay times (as exemplified for anesthetized piglets in
Fig. 3.12) limit eligible intervals between hyperthermia and subsequent radiother-
apy to periods <5 min to ensure effective hyperthermia levels.

In vivo data from piglets (Fig. 3.9) indicate temperatures within the tissue up to
2 K higher than those measured on the skin surface. This information may be used
to protect tissues from overheating and harmful skin effects by controlling skin
surface temperature during wIRA-hyperthermia [16]. In humans, comparable tem-
perature increments upon wIRA-exposure have not so far been observed.
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Thermography and Thermometry
in wIRA-Hyperthermia

W. Miiller, H. Piazena, A. R. Thomsen, and Peter Vaupel

4.1 Introduction

As the success of locoregional hyperthermia is crucially dependent on the tempera-
ture attained in the tissue, e.g., in superficial tumors, reliable temperature measure-
ments are mandatory. The approach for measuring temperature depends on how
hyperthermia is performed. In microwave hyperthermia, the skin surface is not
directly accessible as a water bolus is used to transfer heat from the microwave appli-
cator to the patient. In this case, thermometry probes are inserted within catheters
that are placed in the target region, or a sensor array is pulled through a fixed trajec-
tory during treatment to improve spatial temperature resolution. As recently reported,
a 56-sensor thermal monitoring sheet, which is placed on the skin of the patient and
provides a spatial temperature resolution of 20 x 25 mm, has been developed [1].
Hyperthermia with water-filtered infrared-A irradiation (WIRA-HT) allows
contact-free heating of the tissue and thus also contact-free temperature measure-
ments at the skin surface. This provides the option to use both thermometric and
thermographic systems. Although thermometric systems are limited to temperature
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measurements within a relatively small measuring spot, the latter have the advan-
tage that thermal variations or heat patterns across a surface can be depicted in a
visual image and can be controlled. The spatial temperature resolution is <1 mm.
For precise temperature measurements with these systems, some parameters need to
be considered. Among these, and probably the most important one, is the emissivity
of the patient’s skin being irradiated. Although IR temperature measurements are
basically related to the skin surface of the patient, these data can be used to estimate
temperatures in underlying tissue layers and thereby prevent overheating and
replace invasive temperature measurements.

4.2  Physical Background of Contact-Free
Temperature Measurements

4.2.1 Basic Laws and Parameters

Any material with a temperature above the absolute zero point (0 K, -273.15°C
resp.) emits and absorbs electromagnetic radiation, the nature of which strongly
depends on its composition and its surface properties, and its description may
require complex physical formulae. For simplification, it has proven to be helpful in
practice to use an idealized body for which the radiation laws are precisely known
and adapt them to those of real bodies [2]. The idealized body is called black body
or black body radiator, which absorbs all incident electromagnetic radiation of all
wavelengths and emits it again in a characteristic spectrum, which is only dependent
on its temperature, whereas real bodies, called gray bodies, emit less radiation than
absorbed.

A helpful parameter, which combines the properties of a black body with those
of a gray body, is the emissivity, defined as follows:

c ( 2 ) _ radiant exitance fromareal body at temperature T

= - 4.1
radiant exitance from a black body at temperature T’

Since a black body emits the entire incident radiation again, £(4,T) = 1, the emis-
sivity of a real body is <1. Further parameters are defined accordingly.

absorbed radiant power

Absorption coefficient ot (1,T) = (4.2)

incident irradiant power
In the steady statee (A,T) =a (A,T)applies(Kirchhoff s law) 4.3)

reflected radiant power

Reflectance p (1,T) = (4.4)

incident radiant power

. transmitted radiant power
Transmittance t (A,T) = P

— : 4.5
incident radiant power
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Because of the conservation of energy

e(AT)+p(AT)+7(2T)=1 (4.6)

These are the laws and parameters on which all systems are based and which are
used for measuring temperature using infrared radiation, e.g., IR cameras and IR
thermometers (pyrometers).

Wien’s displacement law can be used to find the optimal range of wavelengths
for temperature measurements. Figure 4.1 shows that the wavelengths of the max-
ima of the curves, indicating maximal spectral radiant exitance, are shifted to
smaller wavelengths as temperature increases. This is mathematically expressed by
Wien’s displacement law:

b 2898 107
max T T

where A,.,= maximum wavelength [m], » = 2.898 - 10~* [mK] Wien’s displacement
constant, and 7 = absolute temperature [K].
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Fig. 4.1 Spectral radiant exitance of a black body as a function of wavelength for temperatures of
100 °C (1), 37 °C (2), and 0 °C (3). According to Wien’s displacement law, the maxima of the
spectral exitance are at 7.766 pm (100 °C), at 9.435 pm (34 °C), and at 10.609 pm (0 °C).
Integration of the spectral data over the wavelengths results in radiant exitance values of ~316
Wm~=2 (100 °C), ~505 Wm~2, and ~316 Wm=2 (0 °C) in accordance with data calculated by using
the Stefan—Boltzmann’s law (see Eq. 4.8)
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Fig. 4.2 Scheme for measurement of skin surface temperature during wIRA-hyperthermia using
an IR camera or a pyrometer. 7, = temperature of the skin area of the patient that is irradiated, 75
= temperature within the measurement section, 7 = temperature of the environment, & = emissiv-
ity of the patient’s skin, p = reflectance of human skin, 7, = transmission of the measurement section

measurement section

According to this law, the wavelength of electromagnetic radiation emitted by
human skin surface with a temperature of 34 °C, at which the maximum of spectral
radiant exitance is reached, is at about 9.435 pm (infrared-C range (3—1000 pm)), as
shown in Fig. 4.1. The radiant exitance M, emitted from a black body, as a function
of its temperature, is described by Stefan—Boltzmann’s law:

M=cT* (4.8)

where 6 = 5.67 - 107® Wm -K~* (Stefan—Boltzmann constant) and 7 = absolute
temperature [K].

Manufacturers of IR systems supply the basic formulae required for measure-
ments with their systems in a general form, as they are interested in applications in
many fields [2—4]. Therefore, these formulae need to be adapted to a specific metro-
logical situation. In the following, the arrangement for wIRA-HT in the clinical set-
ting is taken as the basis and the general formulae are adjusted accordingly (Fig. 4.2).

wIRA irradiation (780-1400 nm) is partially absorbed by the patient’s skin and
partially reflected and remitted into the measurement section, i.e., the space between
the patient and the IR system. This directly reflected, and remitted radiation is not
perceived by the IR system because its maximal wavelength is at 1.4 pm and the lens
of these systems transmits only radiation with wavelengths >7.5 pm. Radiation from
objects at room temperature (21 °C), reflected by the patient, is measured, because
the wavelength of this radiation is about 10 pm according to Wien’s displacement law.

4.2.2 Derivation of the Basic Equation
for Temperature Measurement

Assuming human skin would have the properties of a black body, the radiation emit-
ted by the patient could be defined as @4(T},). However, as skin is a gray body, it is
reduced to @, = € - @y(T,). Thermal radiation also reaches the patient from the
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environment and is partially absorbed, contributing to the heating of the patient, and
partially reflected. The total radiant power from the environment is assumed to be
®Ty. A portion of this, @, = p - &(Ty), is reflected and enters the measurement sec-
tion. The total radiant power, € - @(Ty) + p - D(Ty), entering the measuring section,
is attenuated by the transmittance 7, of the section. It remains

t,{ e ®(T,)+p-@(T,) | 4.9)

The measurement section with the temperature 7 can also emit radiation &(7}).
As there is no reflection (p = 0), the additional radiant power is (1 — 7,)@(7), taking
into consideration:

e+p+r=lande=1-71 (4.10)

For temperature measurement, the following radiant power is available:

@, =1,[ £ ®(T,)+p-®(T,) |+(1-7,)D(T,). @.11)

Because of e+ p=1andp =1 — g, the formula can be modified to:
@, =7, ®(T,)+(1-&)D(T,) |+ (1-7,)-O(T,) 4.12)

This quantity is measured by the IR system, i.e., transferred into an electrical
signal. The parameter required is the temperature 7;,. Since there is basically no
direct measurement of the temperature, the signal needs to be assigned to tempera-
ture values in the IR system, taking into consideration that the temperatures in the
formulae presented above are absolute temperatures.

Related to (4.12), the following parameters have to be taken into account in order
to calculate the patient’s skin surface temperature: 7,, &, Ty, and 7, .

The transparency of the air in the measurement section, 7,, depends on the wave-
length. Within the region of 8—14 pm, the transparency is constant and high. Since
IR measurement systems register wavelengths between 7.5 and 13 pm, one can
assume that the radiation from the patient is not influenced by the measurement
section.

Because of @(T») =0 and 7, = 1, the formula for &(T)) is reduced to

o(7,)= {CDM _(1_:)@(% )}. It therefore follows : 7, = &' {CDM ‘(1_:)"1’(Tu )}

(4.13)

where @7 is the inverse function of @(Ty).

Emissivity e of the patient’s skin and the temperature of the environment, 77, are
the key parameters. Ty is the mean temperature of the inner surface of the half-
sphere around the patient, and it is not the temperature of the ambient air. It is
almost impossible to completely eliminate the contribution from the materials/per-
sons surrounding the optical path and the detector. However, due to the relatively
high emissivity of the skin, this contribution is low. The emissivity of the patient is
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the crucial parameter and depends on tissue properties (e.g., normal tissue, tumor
tissue) and the skin condition. The emissivity of the skin must be determined and set
in the IR system before each measurement (see below).

4.2.3 Determining the Emissivity of Human Skin

4.2.3.1 Reference Temperature

The temperature at a certain point in the target area is measured by a contact ther-
mometer and thereafter at the same place with an IR measurement system. The
emission coefficient displayed in the IR measurement system is then adjusted
accordingly, until the temperature of the contact thermometer is reached. However,
the use of contact thermometers is not practical in cases of ulceration or wet skin
surfaces due to the following issues: (a) feedback effect of the contact thermometer
on the skin, (b) heat transfer between skin and the contact thermometer, and (c) heat
transfer between the contact thermometer and its environment [5].

4.2.3.2 Reference Emissivity

There are materials whose emissivity is known (i.e., lacquer or foil). Such a material
must be applied to the skin as a reference area. The emissivity in the IR measure-
ment system is set accordingly. When the reference area has reached the tempera-
ture of the skin, the temperature can be measured with the IR measurement system.
After that, the temperature is measured at a different spot on the skin and the emis-
sivity in the IR measurement system is adjusted until the same temperature is
reached. The displayed emissivity value is the emissivity of the skin.

4.2.3.3 The Use of a Black Body to Measure Skin Temperature

As mentioned above, the emissivity of a black body is 1. The temperature of com-
mercially available black bodies can be reliably set to different temperatures. To
calibrate an IR measurement system, the emissivity in the instrument is set to 1 and
the system is focused on the reference area of the black body—it should display the
same temperature. If not, an internal adjustment of the instruments is necessary. In
case of matching, the emissivity in the instrument is set to 0.98, which is generally
accepted for healthy skin, and 0.87 for tumor tissue. The general problem is that this
could not be the “true” emissivity of the skin.

4.3 The Thermographic Camera (Syn.: Infrared Camera,
Thermal Imaging Camera, Thermal Imager)

4.3.1 Basic Mode of Operation
An IR camera is similar to a common digital video camera. Instead of visible radia-

tion (400700 nm), the thermographic camera creates an image using infrared radi-
ation (1-14 pm). In the medical field, a range between 8 pm and 14 pm is preferred
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Fig. 4.3 Scheme of a thermographic camera

as explained above. The IR camera consists of a lens that focuses IR onto a focal
plane array (FPA) detector, the “heart” of the camera. This detector transforms
infrared radiation into an electrical signal and is designed as a chip with microbo-
lometers (resistance thermometers), which are arranged in an array of lines and
columns. In this way, the entire thermographic image is subdivided into separated
pixels, which allow for access to the respective signals (temperatures). The levels of
the measurement signal are assigned to colors for better discrimination of the tem-
perature values (Fig. 4.3).

4.3.2 Performance Criteria

4.3.2.1 The Spectral Region

As mentioned above, the wavelength of radiation from human skin at a temperature
of 37 °C, at which maximal irradiation is reached, is at 9.344 pm. To capture all
electromagnetic radiation emitted by a patient, the lens of the camera must be trans-
parent for this wavelength, and the whole spectrum that is transmitted should be
small to block interfering radiation from the environment.

4.3.2.2 Thermal Resolution, Relative and Absolute Accuracy
Small differences in temperature can be lost due to noise in the detector signal. As
a measure of a camera’s capacity to differentiate small temperature differences, the
noise equivalent temperature difference (NETD) describes the change in tempera-
ture, which is equivalent to the effective noise of the system. It can be referred to as
the minimal resolvable temperature change. This value only reflects the relative
accuracy of the system, not the absolute accuracy. Usually, NETD values are
between <30 mK and <40 mK. According to the ESHO Quality Guidelines, the
value for IR systems should be <50 mK [6].

The value for absolute accuracy, as specified by the manufacturers, is commonly
+2 K or 2% of the reading. This information is the result of a widely used
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uncertainty analysis technique called root sum of squares and considers partial
errors for each variable in the temperature measurement Eq. (4.13) (e.g., emissivity
and reflected radiation from the environment), the camera response, and the accu-
racy of the calibration tool used. The total uncertainty U, then is calculated accord-
ing to the error propagation law:

Total error = \/ATIZ +AT] +AT] +...

where AT, AT, AT,...are the single errors of the parameters mentioned above [7].

Whereas NETD is essentially a question of technology, absolute accuracy is a
basic problem of the uncertainty of absolute temperature measurements, enhanced
by the uncertainty of the emissivity. This is crucial for hyperthermia applications. If
42 °C is measured during hyperthermia treatment instead of the real temperature
T =44 °C, then tissue damage can occur. The only practical way for reliable abso-
lute temperature measurements is for the manufacturer and the operator to calibrate
the system as carefully as possible. Uncertainties in the heating concept are to be
considered. The ESHO Quality Assurance Guidelines [6] require the precision of
the temperature measurement to be 0.1 °C, which can hardly be reached, especially
since emissivity is associated with it.

4.3.2.3 Geometric Resolution (Syn.: Optical Resolution,
Spatial Resolution)

The geometric resolution indicates the size of the smallest detail (area) on the skin
surface, which is visible in the IR image. It can be interpreted as the smallest area
on the skin surface related to a single bolometer (pixel) of the camera detector,
which can be detected at a set distance, providing temperature data, relevant for the
detection of hot spots in, above, and around scars or the separation of two structures
close together. This resolution is determined by the number of pixels per area unit
on the camera detector and depends on the lens used. Calculation of the resolution
is based on the parameter field of view, which is the largest area the camera can
capture at a set distance and is typically characterized by the vertical and horizontal
angle under which the area appears from the camera detector. Since this value is
very important, its calculation will be shown using an example.

Camera: optris PI 400 (MTS Messtechnik Schaffhausen, Stein am Rhein,
Switzerland), number of pixels on the camera chip: 382 (horizontal) x 288 (verti-
cal), focal length of the lens: 15 mm, horizontal view angle a;: 38°, and vertical
view angle a,: 29° (data supplied by the camera manufacturer).

The horizontal viewing angle can be expressed as o, = Z-Mctan[—J
According to Fig. 4.4, the following relationships apply:

é = tan% and b = g-tan% =g-tan19°=g-0.344
g 2 2
where g = object distance and b = half the object width.
The width of the area on the skin surface is 2b, and the distance between the IR
camera and the patient is g = 34 cm. Then, the width of the area on the patient is
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Object distance

Object width

Fig. 4.4 Calculation of the geometric resolution of thermographic cameras [8]

2-34-0,344cm =23,4cm

With 382 horizontal pixels, the smallest width that can be detected is

234cm =0.6mm . Since the pixels are squared, the smallest area on the skin sur-

face, which can be captured, thus is 0.6 mm x 0.6 mm.

4.4 Pyrometer (IR Thermometer): Basic Mode of Operation

Compared to IR cameras, IR thermometers are simpler in design, but based on the
same physical background, as described above. These thermometers can be charac-
terized as remote thermometers. A lens captures the IR radiation from a measure-
ment spot on the target surface and focuses it onto a detector (see Fig. 4.5). It is
important that the emitting area is equal or larger than the measurement spot defined
by the system. Different methods are used to mark this spot on the target surface,
and these are preferably based on laser technology. For example, a crosshair is pro-
jected onto the surface with the size of the measurement spot. As with cameras, the
emissivity must be entered [9].

4.5 Special Situations
4.5.1 Curved Surfaces

Two problems arise at curved skin surfaces: (a) wlRA-irradiation—and thus also
tissue heating—is reduced by the cosine of the angle between the direction of the
radiation and the surface normal, and (b) the area of this less heated surface onto the
pixels of the camera is not completely imaged and leads to reduced temperature
values (Fig. 4.6).
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Fig. 4.5 Scheme of an IR
thermometer (pyrometer)
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Fig. 4.6 Reduced heating of the tissue at curved skin surfaces (a). Incomplete projection of a
curved skin area onto the detector array of a thermographic camera (b) [8]

4,5.2 Optional Interventions During wiRA-HT

In wIRA-HT, the skin surface remains accessible for interventions. This allows for
power deposition modulations by placing shielding sheets on the irradiated area to
completely block non-target tissues and for modulations of the temperature mea-
surement procedures. In the cases of ulcerated lesions or wound secretion, heat loss
by evaporation can reduce the critical target region below the therapeutically
required temperatures. In this case, covering with transparent grease or foils enables
more uniform heating (see Fig. 4.7a).

During wIRA-HT in the clinical setting, the highest temperature values (hot
spots) within the entire irradiated area are registered automatically and are used for
irradiation control to avoid tissue damage. In this case, hot spots outside the target
area can be covered with opaque material to eliminate their influence, as shown in
Fig. 4.7b.
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Fig. 4.7 Interventions during wWIRA-HT. (a) Ulcerated recurrent breast cancer. The nodular
tumors are fibrin-coated and permanently produce wound secretion. (b1) Due to evaporation,
moist surfaces can cool the tissue below the therapeutically relevant temperature level (blue
colour). (b2) Covering these areas with a thin film of greasy ointment (Bepanthen™) reduces
evaporation. (b3) A more homogeneous heating is achieved. (c1) A hotspot (white arrow) outside
the target area may disturb temperature control. (¢2) The region is covered with opaque material
(green arrow). (¢3) The influence of the hot spot is prevented. Consequently, a hotspot within the
target region (white arrow), where it needs to be recorded, is indicated

4,6 Use of Thermographic Cameras for Temperature
Measurements on Phantoms

The quality assurance standards of ESHO for water-filtered IR-A hyperthermia
require measurements on phantoms [10]. The use of infrared thermography in super-
ficial hyperthermia quality assurance, including measurements on phantoms, has
been reported in detail [11]. Currently, there is no recipe for tissue-equivalent phan-
tom materials that adequately consider absorption, scattering, and refraction of IR
irradiation in tissues. Even were such a material to be identified, individual patient-
related factors influencing heating need to be considered. Thus, the value of phan-
toms and the significance of measurements made on them must be viewed critically.
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4.7 Relationship Between Temperatures Assessed at
the Skin Surface and in Deeper Tissue Layers

In hyperthermia, it is crucial to reach the temperatures required to achieve therapeu-
tic effects (39—43 °C). In the clinical setting, this means that (tumor) tissue tempera-
tures at preset depths must reach predefined levels. IR-based temperature
measurements can only measure the temperature at the skin surface, and thus, the
question arises, whether there are any relationships between the surface temperature
and the temperatures in deeper tissue layers. Recent in vivo studies on piglets have
shown that maximum tissue temperatures exceeded corresponding temperatures on
the skin surface by 1-2 K during wIRA-hyperthermia ([12], Fig. 4.1). Similar rela-
tions were found in vivo during wIRA exposure of human abdominal wall and lum-
bar region (Fig. 4.8). These data can be used for approximate estimations of
maximum tissue temperatures if the temperature at the skin surface is monitored
during wIRA-hyperthermia.

4.8 Conclusions

In wIRA-HT, contact-free heating enables remote temperature assessments by
IR-based devices. The relationship between skin temperatures and temperatures in
deeper tissue layers can be used to estimate and control the temperatures in tumors
that are needed for therapeutic effects. Since the measurements are contact-free, in
the clinical setting physicians can modulate/block heating at locations where it is
not needed (e.g., in scar tissues, which tend to become hot spots), with opaque foils.
Wet body surfaces can be covered with transparent material to reduce cooling by
evaporation. Using software, mean temperature values related to definable areas can
be provided and temperature data of individual spots can be displayed. Basically,
there is high potential for image analysis to control and interpret the dynamic tem-
perature distribution during heating.
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Abbreviations

HT Hyperthermia (mild HT, 3943 °C)

V. Intravenous

PO, Oxygen partial pressure, O, tension (mmHg)
ROI Region of interest

RT Radiotherapy, radiation treatment

stO, Oxyhemoglobin (HbO,) saturation, tissue (%)
T Temperature (°C)

wIRA Water-filtered infrared A irradiation

5.1 Introduction

In radiation oncology, localized wIRA-hyperthermia (WIRA-HT) is an effective
adjunct for sensitizing superficial tumors to radiation treatment [1]. This sensitization
may result from hyperthermia (HT)-induced improvements of tissue oxygenation
(i.e., increase in oxygen partial pressure, pO,, “reversing hypoxia’) due to a temporary
increase in local blood flow in the temperature range between 39 and 43 °C (exposure
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time approx. 1 h). It is noteworthy to mention that in mild hyperthermia, additional
mechanisms such as (a) stimulation of anti-tumor immune responses, (b) optimization
of chemotherapeutic effects (HT level: 4043 °C), (c) inhibition of DNA repair (HT
level >41 °C), and (d) the triggering of liposomal release of drugs (HT level: 41-42 °C;
[2]) may also be responsible for improving therapeutic outcomes.

“Probably no area in hyperthermia research is more important than the need to
accurately assess the resultant temperature of tumors or normal tissues following heat-
ing” [2]. Although skin surface temperatures can adequately be monitored by ther-
mography [3], minimally invasive temperature measurements are required to guarantee
effective heating and adequate hyperthermia levels (39-43 °C) in deeper tissue layers
[4, 5]. This study thus focuses on assessing temperature distribution in skin and sub-
cutis of healthy volunteers upon localized wIRA treatment. As the tissue oxygen level
is a major factor for cellular radiosensitivity [6], HT-induced changes in skin and
subcutaneous pO, values and oxyhemoglobin (HbO,) saturations in the microvascula-
ture of the subpapillary tissue and the upper dermis layer are also assessed.

For further orientation, the histomorphology of the human skin and subcutis is
schematically shown in Fig. 5.1.

5.2  Materials and Methods
5.2.1 Delivery of wiRA-Hyperthermia

Superficial hyperthermia was applied using the TWH 1500 wIRA-hyperthermia
system (Hydrosun®, Miillheim, Germany) with two radiators, controlled indepen-
dently by two thermographic cameras and safety pyrometers. Radiators were posi-
tioned 34 cm between radiator exit and skin surface, resulting in an approximate
irradiance of 200 mW/cm?.

For the application of hyperthermia, the lower abdominal wall (10 treatment ses-
sions) and the lumbar region (2 treatment sessions) of healthy volunteers (1 female,

Fig. 5.1 Histomorphology
of human skin and subcutis
(schematic, modified from

Beiersdorf-Eucerin). Mean Epidermis
thickness of skin layers =0.5mm
according to [7]
Skin Dermis
=1.5-2 mm

Subcutaneous

Subcutis ) )
adipose tissue
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and 2 males, age: 35-49 years) were exposed to wIRA irradiation for approximately
60 min. Participation in this procedure has been found to be ethically sound by the
local ethics authority, and volunteers gave their informed consent.

5.2.2 Noninvasive Monitoring of Skin Surface
Temperatures (Thermography)

Using this therapeutic approach, maximum skin surface temperature is continuously
regulated by a control circuit for each of the two radiators, which is a key element of
the TWH 1500 system: When thermography assesses a hot spot and a temperature
above a defined maximum (switch off temperature: 43 °C), the power supply to the
respective radiator is instantly switched off via a relay. As soon as the temperature of
the hot spot drops (to switch on temperature: 42.5 °C), the radiator is turned back on.
In steady-state conditions, between 1 and 4 on—off cycles take place per minute. The
resulting peaks in temperature traces are visible in thermography records, but also in
superficial skin layers, measured invasively as described below.

A typical example of serially assessed thermographic images during the onset
(0—10 min) of wIRA-HT of the skin surface and in situ positioning on the tempera-
ture probes is shown in Fig. 5.2. Respective mean region of interest (ROI) tempera-
tures are presented in the upper right corners.

@ 33,8°C @ 36,8°C

43°C

@ 40,3°C J 40,8°C

33°C

Fig.5.2 Examples of serially assessed thermography images during the first 10 min of wIRA-HT
of the skin surface (abdominal wall). Invasive temperature and pO, probes are placed in defined
tissue depths as shown in Fig. 5.4 Color-coded temperature range: 33-43 °C
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5.2.3 Minimally Invasive Measurement of Skin and Subcutis
Temperatures (Thermometry)

Tissue temperatures within skin and subcutis of the abdominal wall were measured
using fiber-optic sensors (OTG-M600, Opsens, Quebec, Canada). Characteristic
and representative traces of skin surface, and intradermal and subcutaneous tem-
peratures before, during, and after wIRA-HT are shown in Fig. 5.3.

5.2.4 Assessment of the Tissue Oxygenation Status

The corresponding tissue oxygen partial pressures (pO,) were assessed with the
Oxylite Pro system (Oxford Optronix, Abington, UK).

Fiber-optic temperature probes (diameter: 0.7 mm) and oxygen sensors (diame-
ter: 0.4 mm) were transepidermally inserted via 1.1 mm i.v. catheters (Vasofix™
Safety, Braun, Melsungen, Germany) down to defined tissue depths (subepidermal
~0.5 mm, and 1-20 mm within the dermis and subcutis). For positioning of invasive
catheters and probes, see Fig. 5.4.

In selected situations, hyperspectral tissue imaging (TIVITA™, Diaspective
Vision, Am Salzhaff, Germany) was used to visualize the HbO, saturation (stO,) in
the microcirculation of the subpapillary/upper dermis layers [8] of healthy volun-
teers (n = 3) and in superficial chest wall tumors (two patients).

—20 mm
—15mm
—10 mm
~— 5mm
— 1mm
« surface

T[Cl

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
t [min]

Fig. 5.3 Characteristic traces of subepidermal, intradermal, and subcutaneous temperatures (tis-
sue depths: 1-20 mm; colored lines) and thermographically monitored skin surface temperature
(open red symbols) in the region of interest (ROI) of the abdominal wall during wIRA treatment.
Start (red arrow) and end (black arrow) of wlRA irradiation are indicated. Subepidermal tempera-
tures (1 mm, dark blue line) and temperatures in the upper subcutis (5 mm, light blue line) reach
higher values than the skin surface. On—off cycles due to regulation of the wlIRA radiators result in
multiple spikes in temperature curves. Spikes are most pronounced in superficial tissue layers, but
remain visible down to a tissue depth of 15 mm
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4
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Fig. 5.4 Positioning of invasive catheters and probes in the abdominal wall. Schematic map (left)
and actual in situ setup (right) in a representative experiment

Registration of preheating and postheating temperature and oxygen levels com-
pleted the data collection upon wIRA exposure.

53 Results and Discussion
5.3.1 Temperature Profiles

As shown in Fig. 5.5, upon wIRA irradiation, mean temperature of the skin surface
increased from a baseline of 33.4 + 1.9 °C (mean = SD) to 41.7 £ 0.4 °C, with the
most superficial invasive probe at 1 mm recording a baseline temperature of
33.1 £ 1.7 °C, increasing to 41.8 = 0.7 °C (10 experiments). In a tissue depth of
20 = 1 mm, i.e., in deep subcutis, the mean temperature increased from a baseline
of 349 £ 1.1 °C to 40.1 £ 0.6 °C (11 experiments). According to these data, wIRA
irradiation results in mild hyperthermia with tissue temperatures >39 °C, extending
to tissue depths up to 25 mm, thus confirming earlier, sporadic measurements in
superficial cancers [9, 10].

Upon the start of heating, increases in tissue temperatures were steepest close to
the body surface, where T > 40 °C was achieved within 4 + 2 min, whereas up to
30 min of wIRA heating were required to reach this temperature at a depth of
20 + 1 mm. Results in intermediate tissue layers are exemplified in Fig. 5.3.

The highly significant linear correlation between subepidermal and skin surface
temperatures for a representative treatment session is shown in Fig. 5.6. There is
clear evidence that the maximum tissue (i.e., subepidermal) temperatures can reach
43.5 °C, with the maximum skin surface temperature being 42.5 °C. Considering
data collected in all treatment sessions, a reversing of the temperature gradient is
observed, as shown in Fig. 5.7. In normothermic conditions and at hyperthermia
levels <42 °C, no substantial gradients between mean subepidermal and skin sur-
face temperature are found (—0.4 to 0 °C, n.s.), which means that both measuring
locations yield similar temperatures. With subepidermal temperatures >42 °C, a
temperature gradient is evident, and with subepidermal temperatures >43 °C, a
mean temperature difference of +0.8 °C toward skin surface is observed, indicating
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Fig.5.5 Tissue temperatures T (squares) and pO, values (circles) in the skin and subcutis as func-
tions of tissue depth before (lower part) and during steady-state wIRA irradiation (upper part).
Baseline and steady-state stO, values (triangles) in the upper dermis upon wIRA exposure (values
are means +SD)
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that wIRA-HT yields the highest temperatures in the upper dermis and not at the
skin surface (Figs. 5.5 and 5.6). This transepidermal gradient probably relates to
increasing heat loss from the skin surface by thermal radiation and convection.
Since hemoglobin is a major photochrome for wIRA, HT-induced hyperemia (asso-
ciated with a higher hemoglobin content) in the subepidermal microvasculature
might also contribute to this effect.

When wIRA exposure is terminated, mean temperatures of the uncovered skin
surface dropped below 39 °C (i.e., below the lower level of mild HT, obligatory in



5 Temperature Profiles and Oxygenation Status in Human Skin and Subcutis... 75
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Fig.5.8 wIRA-hyperthermia causes an increase in the mean subepidermal HbO, saturation (stO,)
values starting from a pretreatment level of 33 sat. % up to 80 sat. % at the end of treatment (blue
dots), with a steady decline after termination of wIRA exposure. Start (red arrow) and end (black
arrow) of wIRA irradiation are indicated. While the surface temperatures (red dots) returned close
to baseline within approx. 30 min, stO, values remained at significantly elevated levels for more
than 40 min. (As wIRA irradiation interferes with hyperspectral imaging, HbO, saturations cannot
be assessed during wIRA exposure)

the oncologic setting) within less than 2 min (Figs. 5.3 and 5.8). In tissue depths of
1-5 mm, mean temperatures dropped to the same extent (see representative exam-
ples in Fig. 5.3), whereas at depths of 10 and 20 mm, mean tissue temperature
reached 39 °C within 2.5 and 4 min, respectively. These observations demonstrate
that effective hyperthermia levels are only maintained for a short period in uncov-
ered skin. This is of relevance for clinical application of superficial HT as a radio-
sensitizer, for which it is presumed that a simultaneous or quasi-simultaneous
application of HT and subsequent radiotherapy provides the most effective synergy
[1]. In contrast to the experimental setting applied here, clinical routine aims to
maintain tissue temperatures after the wlRA irradiators are switched off. When
wIRA-HT is used as a radiosensitizer in the clinical setting, the patient is covered
either with a prewarmed dressing gown or with a prewarmed silicone flab when
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being transferred from the HT unit to the linear accelerator [1]. Therefore, the actual
decline in temperature in clinical practice is expected to be significantly slower than
observed in the study described herein, where the skin was left uncovered. However,
additional investigations are needed to quantify the temperature decline in “heat-
insulated” tissues between end of wIRA-HT and subsequent start of RT. In any case,
this time interval should be kept very short (<5 min).

5.3.2 Tissue Oxygenation

5.3.2.1 Oxyhemoglobin Saturations Assessed by
Hyperspectral Imaging

Noninvasive monitoring of HbO, saturation (stO,) in the subepidermal microvascu-
lature also confirmed a distinct increase in tissue oxygenation upon wIRA exposure.
This effect is visible both in the abdominal wall of healthy volunteers (Fig. 5.9a) and
in the skin affected by locally invasive recurrent breast cancer (Fig. 5.9b). The mean
HbO, saturation (stO,) in human skin before wIRA exposure was 41%. Upon heating
the skin up to 41.7 °C, the saturation almost doubled (Fig. 5.5, green triangles;
Fig. 5.10, boxes and whiskers on the left). When wIRA irradiation was terminated,
stO, values decreased only slightly and thus remained distinctly elevated, even after
skin temperatures dropped to baseline, as shown in Figs. 5.8 and 5.10. From these
data, it is concluded that improved tissue oxygenation considerably outlasts tissue

Fig. 5.9 Imaging of HbO, saturations in the upper dermis of the abdominal wall of a healthy
volunteer (a), and in the outer tissue layer (~1 mm) of a large-size, inflammatory recurrent breast
cancer (b). Topographic aspect of the treatment area (left panels), stO, imaging before (central
panels), and at the end of wIRA-hyperthermia (right panels). The malignant inflammatory condi-
tion evidently causes higher stO, baseline values
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Fig. 5.10 pO, and stO, values before, during, and following wIRA-hyperthermia. Postheating
pO; and stO, remained at significantly elevated levels within the time frame of subsequent radio-
therapy. Subepidermal stO, was assessed using hyperspectral skin imaging (n = 3), pO, in the
subcutis with invasive probes (n = 6 for 8—10 mm, n = 4 for 17-20 mm tissue depths). Boxes show
medians with first and third quartiles and whiskers show range

temperature rises upon wIRA-hyperthermia; i.e., oxygenation-dependent radiosensi-
tization is expected to be fully active/maintained during RT in our clinical setting.

Hyperspectral skin imaging was found to be a versatile and noninvasive method
to assess HbO, saturations in upper skin layers. Since this method only covers the
subpapillary microcirculatory vessels in the upper dermis [11], invasive pO, mea-
surements are required for oxygenation measurements in the lower dermis down to
the subcutis.

5.3.2.2 Assessment of Tissue pO, Values

In all tissue depths addressed (subepidermal, 8—10 mm, and 17-20 mm), wIRA-HT
caused a marked, highly significant increase in the oxygenation. Mean tissue oxy-
gen tensions in the subcutis rose from 43 to 81 mmHg at tissue depths of 8—10 mm,
and from 46 to 77 mmHg at tissue depths of 17-20 mm (Figs. 5.5 and 5.10).
Oxygenation reached a maximum within 25-30 min of wIRA-HT and remained at
this significantly higher level in the further course of treatment. Upon cessation of
wIRA irradiation, oxygenation only slowly decreased and remained at significantly
elevated levels within the typical time frame of subsequent radiotherapy protocols
(Figs. 5.10 and 5.11).

A similar pattern was observed by Hartel et al. [12] when using wIRA-hyperther-
mia to improve healing of surgical wounds. These authors have assessed postopera-
tive pO, values in a tissue depth of 20 mm. On day 2, the baseline pO, before wIRA
irradiation was 32 mmHg vs. 42 mmHg after treatment. On day 10, the respective
data were 34 mmHg vs. 46 mmHg, both improvements greatly outlasting the actual
time of the wIRA exposure.
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Fig. 5.11 Characteristic tissue temperatures T and pO, traces in the subcutis of the abdominal
wall during wiIRA treatment and post-treatment (tissue depth: 8 mm). Start (red arrow) and end
(black arrow) of wIRA irradiation are indicated. Note: tissue pO, rises and declines much slower
than tissue temperature

As mentioned above, tissue oxygenation status before, during, and after wIRA-
hyperthermia was assessed by two different approaches in our experiments:

1. By an indirect, noninvasive approach, using hyperspectral analysis of oxygen
saturation (stO,) of hemoglobin present in subepidermal microvasculatures
(Figs. 5.8 and 5.10). Although measurement in deeper tissue layers is technically
not possible, this method offers the advantage of noninvasive imaging of larger
skin areas (Fig. 5.9).

2. By direct, minimally invasive microsensor measurements of tissue oxygen pres-
sures (p0,, Figs. 5.10 and 5.11). In principle, this method may be applied at any
tissue depth (Fig. 5.4).

Compared to preheating values, wIRA-HT causes a significant improvement of
the tissue O, status. Both hyperspectral imaging of stO, and direct measurement of
tissue pO, show that this effect outlasts the period needed for subsequent RT
(Figs. 5.10 and 5.11).

In Table 5.1, both baseline and steady-state pO, values upon superficial wIRA-
HT are listed together with known literature data.

5.4 Summary and Outlook

wIRA-HT is a reliable treatment modality for efficiently heating skin and subcuta-
neous tissue up to a depth of approx. 25 mm. In the set temperature range (mild
hyperthermia, 39—43 °C), tissue oxygenation is substantially improved in all tissue
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Table 5.1 Mean oxygen partial pressures (pO,) in different layers of human skin and subcutis
under thermoneutral conditions (NT) and steady-state superficial wIRA-hyperthermia (HT).
Noteworthy to mention: “Transcutaneous” pO, values are assessed from the heated (x~44 °C) skin
surface and have been used for monitoring of “arterialized” blood oxygen tensions

Tissue layer Mean pO, (mmHg) References
Epidermis 8 Wang et al. [13], Carreau et al. [14]
Subepidermal layer 35 Wang et al. [13]
~34 (NT @ 33 °C)* This study
~50 (HT @ 40 °C)*
Dermis 50 (45-54)° Evans and Naylor [15]
37 (30-45)° Baumgirtl et al. [16]
42 Keeley and Mann [17]
Subcutis 56 Keeley and Mann [17]
50-55 Vaupel et al. [18]
43 (NT@ 34 °C)® This study

81 (HT@40.5 °C)

* Estimated from HbO, saturation measurements considering the respective shifts of the HbO,-
binding curves at lower or higher temperatures (standard HbO, curve refers to 37 °C).
" Steady increase with increasing tissue depth.

depths examined (~0.5-20 mm). Improvement of oxygenation considerably out-
lasts the wIRA heating period. In the case of superficial tumors reaching into deeper
tissue layers, combination of wWIRA-HT with microwave HT may broaden the appli-
cation range [19].
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Thermography-Controlled, Contact-Free
wIRA-Hyperthermia Combined

with Hypofractionated Radiotherapy
for Large-Sized Lesions of Unresectable,
Locally Recurrent Breast Cancer

M. Notter, A. R. Thomsen, A. L. Grosu, K. Miinch,
and Peter Vaupel

6.1 Introduction

In 75% of all cases of primary breast cancer, tumor tissue is removed by breast-
conserving surgery (BCS) to avoid mastectomy. In standard procedure, BCS is fol-
lowed by adjuvant radiotherapy (RT) using a total dose of 50-60 Gy in order to
eradicate remaining cancer cells and decrease the risk of locoregional recurrence.
Improved approaches for the early detection of breast cancer and surgical techniques
and RT protocols have decreased the median incidence rate of locoregional recur-
rence in high-income countries to 0.6% per year. However, the increasing number of
longtime breast cancer survivors increases the number of patients at risk of develop-
ing a local recurrence later, thereby leading to a median cumulative local recurrence
rate of 6.2% [1]. In subgroups of patients, such as triple-negative breast cancer in
premenopausal patients, cancer recurrence occurs considerably more often and after
a shorter time interval. The first manifestation of locally recurrent breast cancer
(LRBC) after BCS is generally treated by mastectomy, in some cases even by a sec-
ond BCS. The option of a second adjuvant radiotherapy of 50-60 Gy must be
weighed against the risk of severe side effects due to cumulative radiotoxicity.
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If the recurrent tumor cannot completely be removed by mastectomy with an
adequate safety margin or if the pathologist finds cancer cells in the margin of the
removed tissue, then the so-called “microscopic disease” carries a high risk of mac-
roscopic recurrence. Furthermore, locoregional recurrences at the chest wall in the
pre-irradiated area are often irresectable and/or resection would require complicated
surgical procedures that would be associated with major mutilations. Another RT at
a standard dosage, which is required for effective tumor control, must be denied due
to expected unacceptable toxicity for heart, lung, and rib bones. An inflammatory
subgroup of locoregional recurrences, lymphangiosis carcinomatosa, even tends to
recur repeatedly after short time gaps. In these final stages of unresectable locally
recurrent disease in pre-irradiated sites, the ambition for tumor control is often aban-
doned, and patients suffer from a tremendous loss of quality of life caused by uncon-
trolled local tumor growth with symptoms such as pain, constriction, bleeding,
ulceration, and infection. These symptoms also often lead to social isolation.

Mild hyperthermia (HT) as a potent radiosensitizer (Thomsen et al., Chap. 5, this
book) enables a reduced RT dose and toxicity. In combined HT/RT schedules, good
tumor control can be achieved using total re-irradiation doses of 20-39 Gy with
very different fractionation schedules. A systematic review and meta-analysis have
demonstrated the efficacy of combined HT/RT in the treatment of LRBC, with an
especially high benefit for pre-irradiated patients [2]. In most of the published stud-
ies, HT was applied by microwave (MW) devices consisting of a microwave antenna
and a water bolus, which is directly applied to the target region. Superficial HT
using MW can achieve effective hyperthermia temperatures >39 °C up to a depth of
approx. 30-40 mm. However, the MW technique has considerable limitations as the
treatment of large-sized diffuse tumor spread cannot be covered by one applicator,
especially in the case of heterogeneous body contours. With ulcerating lesions, the
applicator contact may be uncomfortable and painful. In addition, the incidence of
thermal skin damage is high [3].

6.2 Patients and Treatments

So far, tumor response and local control have been documented in 280 patients pre-
senting with LRBC in pre-irradiated sites and treated with thermography-controlled,
superficial WIRA-HT. In 2020, an intermediate analysis of the outcome data of 201
patients was published [4]. Since tumor size has been described as being the most
significant prognostic factor [5], the evaluation has been stratified into 4 size classes
of macroscopic disease, ranging from tumors <10 cm (rClass I), up to carcinoma en
cuirasse with extensions to the back (rClass IV, as shown in Fig. 6.1). In addition,
the microscopic disease is classified as rClass 0.

6.2.1 Basic Characteristics of the Patients

In the intermediate analysis, 170 patients presented with macroscopic disease and
31 patients with microscopic disease. Most patients were heavily pretreated and
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rClass 0 rClass | rClass Il

rClass Il rClass IV rClass IV

Fig.6.1 Size classification for locally recurrent breast cancer, as suggested by Notter et al. (modi-
fied from [4])

sent to thermography-controlled wIRA-hyperthermia since no other therapeutic
option remained. All patients had previously received radiotherapy, with 116
patients having received more than 2 systemic chemotherapies. Of the patients with
macroscopic disease, 141 (83%) had large-sized tumors (rClass I[I-1V), 49 of whom
had 2 or more regions to be treated. Poor prognostic factors were prominent in these
patients: 50 patients (25%) presented with triple-negative breast cancer, 115 patients
(57%) presented with inflammatory LRBC (lymphangiosis carcinomatosa), and 70
patients (35%) with ulcerating lesions. More than half of the patients with macro-
scopic disease presented with additional distant metastasis, which is the decisive
factor for limited life expectancy. However, effective control of local tumor growth
is crucial, even for patients with a life expectancy of just a few months, in order to
achieve a satisfying palliative effect, and to improve the quality of life during the
remaining lifetime.

6.2.2 Treatment Schedule

The basic treatment protocol was thermography-controlled, superficial wIRA-
hyperthermia directly followed by hypofractionated re-irradiation of 5 x 4 Gy, once
a week, as introduced by Notter et al. [6]. The total re-irradiation dose of 20 Gy is
the lowest RT dose ever applied in a protocol aiming for effective tumor control.
Since wIRA-HT works with a contact-free energy input, the treatment allows the
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Fig. 6.2 (a—c) Treatment of patients using the Hydrosun®TWHI1500 hyperthermia device
(Hydrosun Medizintechnik, Miillheim, Germany): various positions are supported to meet the
requirements of extended lesions, e.g., carcinoma en cuirasse

patient to stay in a comfortable position (see Fig. 6.2a—c). Automatic control of the
maximum surface temperature between 42 °C and 43 °C achieves effective hyper-
thermic temperatures >39 °C up to a depth of approximately 25 mm (Thomsen
et al.; see Chap. 5) and overheating leading to thermal skin damage can be avoided.
The time interval between HT and RT is <5 min for the transport of the patient from
HT to the RT room and RT delivery.

6.3  Results
6.3.1 Tumor Response and Toxicity

The assessment of a new treatment method is based on the ratio of efficacy and toxic-
ity. High toxicity is especially unacceptable in a therapy with palliative intent. Tumor
response rates are shown in Table 6.1. As expected, rates of complete response (CR)
decrease with increasing tumor size. Correspondingly, rates of partial response (PR)
develop in opposite directions. In patients with large-sized LRBC and distant metas-
tasis, the purely palliative treatment was often deliberately confined to regions where
the tumor caused debilitating symptoms. With an overall clinical response (CR + PR)
of 95% only very few patients experienced no benefit from the treatment.

As shown in Table 6.2, toxicity is extremely low. All grade I acute side effects did
not require any medical intervention and had almost no impact on quality of life.
Radiation dermatitis grade II and scurfs only occurred in 14 patients. Thermal skin
damage (a rather common side effect in microwave hyperthermia [3]) occurred in
only I patient. Hyperpigmentation had only a cosmetic impact and was not relevant
for these patients.

Figure 6.3 (a—d) show an example of a patient with CR (rClass 2), and Figs. 6.4
and 6.5 (a, b) demonstrate patients with PR (rClasses III and IV)

6.3.2 Local Control and Re-Recurrence

In the majority of patients, the local tumor remained controlled during lifetime.
Some patients with a formerly fatal prognosis of local tumor growth, but without
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Table 6.2 Toxicity of water-filtered infrared A hyperthermia (WIRA-HT) and re-irradiation (re-

RT) (modified from [4])

No. of patients
No acute side effects
Acute side effects
— Radiodermatitis grade I
— Radiodermatitis grade 11
— Scurfs
— Hyperpigmentation
— Burn with blistering
No chronic side effects
Chronic side effects
— Grade I: Hyperpigmentation
— Grade II: New telangiectasia

201 (100%)
114 (57%)
87 (43%)
65

4

10

64

1

145 (72%)
56 (28%)
53

7

Fig. 6.3 Treatment response of a patient with extended triple-negative LRBC, rClass II, treated
with combined wIRA-HT and re-RT: (a) before treatment, (b) after 2 x 4 Gy, (c) after 4 x 4 Gy,
and (d) CR 2 months after 5 x 4 Gy

metastasis could even be cured. However, the progressed stage of disease and espe-
cially the characteristics of inflammatory lymphangiosis carcinomatosa are associ-
ated with a high risk of repeat recurrences and new local progression, respectively,
distant metastasis. Local control rates after CR and locally progression-free rates

after PR are shown in Tables 6.3 and 6.4.
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Fig.6.4 Treatment response of a patient with LRBC, rClass III, treated with combined wIRA-HT
and re-RT: (a) before treatment and (b) PR 9 weeks after 5 x 4 Gy

Fig.6.5 Treatment response of a patient with LBRC, rClass IV, treated with combined wIRA-HT
ad re-RT: (a) before treatment, (b) after treatment of anterior left chest wall, infraaxillary region,
and infrascapular region and left supraclavicular region; each volume received 5 x 4 Gy
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The extremely low toxicity of combined thermography-controlled wIRA-HT
and re-RT with a total dose of 20 Gy allows for repeat re-irradiation(s) in case of
repeat recurrence(s). Of the 21 patients presenting with re-recurrences after CR, 19
were treated with the same schedule again. Among these 19 patients, 13 achieved
another CR, and 6 patients had a PR. Repeat re-irradiation was also applied in 24 of
40 patients presenting with new local progression after PR. Two patients achieved a
CR, and 16 patients achieved a PR. In some patients, a formerly desperate situation
could be turned into a sustainable management of tumor control throughout several
subsequent re-recurrences with good quality of life for several years. An example of
this scenario is shown in Fig. 6.6.

The Kaplan—Meier estimates are commonly used for comparing a new therapeu-
tic method with an existing standard therapy in comparative clinical trials.
Unfortunately, the characteristics of unresectable, large-sized LRBC in pre-irradi-
ated regions do not allow for the design of comparative studies since there is no
standard therapy available. Therefore, the comparison of a promising therapeutic
intervention with a non-treatment-responsive best supportive care strategy cannot
be justified ethically [7, 8]. Nevertheless, the Kaplan—Meier estimates can be used
to compare overall survival with respect to tumor size and to the presence of metas-
tasis (Fig. 6.7). As expected, overall survival progressively reduces with increasing
tumor size (Fig. 6.7a). The high mortality in the first 18 months is primarily caused
by death due to metastatic disease. In our analysis, the presence of metastasis has
the most significant impact on overall survival. The upper curve in Fig. 6.7b (includ-
ing all patients) and in Fig. 6.7c (including patients with macroscopic disease)
shows a relevant proportion of long-term survivors. By using combined HT/re-RT
in the treatment of inoperable LRBC in pre-irradiated areas, a curative intent should
not be excluded. Figure 6.7d shows survival of patients with initially microscopic
disease, only very few of whom had distant metastasis.

6.4 Conclusion and Outlook

Combining HT and re-RT at considerably reduced RT doses has shown an excellent
efficacy/toxicity ratio in the treatment of unresectable LRBC in pre-irradiated sites
and offers a new option for patients in formerly desperate situations of uncontrol-
lable tumor growth. Thermography-controlled superficial WIRA-HT is mainly indi-
cated in the treatment of large-sized lesions, lymphangiosis carcinomatosa, and
ulcerated lesions up to a tissue depth of approximately 2.5 cm (Thomsen et al.,
Chap. 5 in this book). Clinical experiences have shown a comparable efficacy in the
treatment of other superficial tumors (e.g., malignant melanoma, skin carcinomas,
radiation-induced angiosarcoma, and Merkel cell carcinoma).

In addition to the described combination with radiotherapy, combined treatment
schedules including chemotherapy and immunotherapy should be considered in
the future.
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March 3, 2013:
before 1st treatment

Sept. 11, 2013:
recurrence
outside / border

March 14, 2016:
new recurrence
inside/outside/border

Nov. 02, 2016:
new recurrence
inside/outside/border

August 13, 2018:
new recurrence
inside/outside/border

March 3, 2019:
new recurrence
inside/outside/border

May 5, 2020: 4

new recurrence
inside/outside/border

-

April 24, 2013:
after 5 x4 Gy + HT
— CR

Nov. 15, 2013:
after 5 x4 Gy + HT
—CR

April 18, 2016:
after 3 x4 Gy + HT
—CR

Dec. 19, 2016:
after 2x 4 Gy + HT
— CR

Sept. 03, 2018:
after2x 4 Gy + HT
— CR

October 22, 2019:
after 3x 4 Gy + HT
— PR

June 6, 2020:
after 2x 4 Gy + HT
— CR

Fig. 6.6 Patient with periodically recurring lymphangiosis carcinomatosa. Before treatment (left
column) and after treatment (right column). Schedule of some treatments was interrupted after 2
or 3 therapeutic sessions due to an independently occurring urinary bladder infection and unavail-

ability of the patient
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Combined Use of wIRA and Microwave 7
or Radiofrequency Hyperthermia

J. Crezee, A. Bakker, R. Zweije, M. W. Kolff,
H. J. G. D. van den Bongard, G. van Tienhoven, and H. P. Kok

7.1 Introduction

Clinical results of hyperthermia treatment at 40—43 °C for 1 h applied in combina-
tion with chemotherapy and/or radiotherapy are excellent. The reported increase in
tumor response for various tumor sites is in the order of 15-20%, without significant
increase in radiotherapy or chemotherapy-related side effects [1-3]. An important
application is superficial hyperthermia, as part of the treatment of recurrent breast
cancer, chest wall recurrences, or melanoma. Clinical outcome is strongly corre-
lated with the achieved tumor temperatures [4]. Achieving sufficiently high and
uniform tumor temperatures of approximately 4143 °C is therefore important, but
at the same time excessive normal tissue temperatures exceeding approximately
43 °C must be avoided to reduce the risk of toxicity [5]. Treatment guidelines for
superficial hyperthermia recommend achieving a median tumor temperature exceed-
ing 41 °C and achieving temperatures exceeding 40 °C in 90% of the tumor
volume [6].

Dedicated heating devices are available for specific tumor sites, e.g., deep-seated
versus superficial tumor locations [7]. Tumor sites located close to the skin surface
can be heated adequately with infrared (up to 1.5 cm depth) or microwave radiation
(up to 4 cm depth) [8]. However, a different approach is required when the tumor
size and shape are such that the entire target region cannot be covered adequately
using a single technique. This issue occurs for instance for tumors with large surface
areas with partially superficial and partially more deep-seated tumor and semi-deep-
seated tumors, which start at the skin and extend deep, beyond 4 cm of depth. This
chapter describes the approach used at Amsterdam UMC of treating the complete

J. Crezee (0<) - A. Bakker - R. Zweije - M. W. Kolff - H. J. G. D. van den Bongard -

G. van Tienhoven - H. P. Kok

Department of Radiation Oncology, Amsterdam University Medical Centers, Cancer Center
Amsterdam, University of Amsterdam, Amsterdam, The Netherlands

e-mail: h.crezee @amsterdamumc.nl

© The Author(s) 2022 97
P. Vaupel (ed.), Water-filtered Infrared A (wIRA) Irradiation,
https://doi.org/10.1007/978-3-030-92880-3_7


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-92880-3_7&domain=pdf
https://doi.org/10.1007/978-3-030-92880-3_7#DOI
mailto:h.crezee@amsterdamumc.nl

98 J.Crezee et al.

target region for challenging tumor geometries by sequential or simultaneous appli-
cation of different hyperthermia devices, each covering another part of the target
volume. Our clinical protocols and system combinations are presented, followed by
two examples of clinical application of infrared combined with microwave or radio-
frequency hyperthermia, including tumor temperatures measured at various depths
to monitor and guide treatment quality.

7.2  Available Equipment for Different Tumor Depths

Superficial chest wall recurrences of breast cancer or melanoma generally extend a
few cm down from the skin surface [6] and are treated with different suitable com-
mercially available devices, including water-filtered Infrared-A (wIRA) applicators
[9], 915 MHz antennas [10], and 434 MHz microstrip and lucite cone applicators
[11]. When treating chest wall recurrences, the skin is always part of the target
region, and thus, normal tissue and tumor tissue are heated to similar temperatures.
Temperatures beyond 40 °C are required to ensure treatment quality [6], but at the
same time temperatures should not exceed 43 °C to avoid thermal toxicity [5].
Therefore, the temperatures in the target volume are limited to a narrow 40-43 °C
therapeutic temperature range.

Advantages of using infrared heating include the lack of need for a water bolus
between applicator and skin, the ability to heat large and irregularly shaped body
surfaces, and high-resolution skin surface temperature monitoring by using infrared
cameras. This means that a comparatively fast workflow can be realized, combined
with optional surface temperature control. Limitation is that therapeutic heating
cannot be guaranteed beyond ~1.5 cm depth.

More deep-seated lesions up to ca 2-3 or 4 cm depth are generally heated
using 915 MHz or 434 MHz antennas, respectively. A water bolus containing
temperature-controlled circulating deionized water (typically in the 40-43 °C
range) is placed between the antenna and the skin to couple the energy into the
skin. A slightly lower water temperature is chosen when a relatively large pene-
tration depth is required. A lower, but still therapeutic, skin temperature permits
increasing the amount of applied power to achieve deeper heat penetration up to
~4 cm [12].

Even more deep-seated tumors, i.e., starting at the skin surface and extending
more than 4 cm at depth, require antennas operating at 70—150 MHz to achieve suf-
ficient penetration depth. Dedicated systems have been developed and applied for
this category, consisting of either a single or two 70 MHz applicators [13, 14]. A
challenge for semi-deep-seated tumors is the need to heat both the surface and at
depth, which can create conflicting optimal system settings for each goal. Heating
at depth requires the use of more aggressive surface cooling with temperatures
below 40 °C to maximize penetration depth [12], thus potentially underdosing the
skin surface.



7 Combined Use of wiRA and Microwave or Radiofrequency Hyperthermia 99

Our department uses three different devices for recurrent breast cancer and mela-
noma, each representing device categories suitable for one of the aforementioned
different tumor depths:

1. The water-filtered infrared-A (wIRA) Hydrosun® 1500 system (Hydrosun
Medizintechnik, Miillheim/Baden, Germany) combines a high color tempera-
ture halogen lamp (type HPL, Ushio, Tokyo, Japan) with water filtering, result-
ing in emission of IR-A radiation (wavelength 0.6—1.4 um). This heating device
has the advantage of being contact-free and suitable for more irregularly shaped
and very large skin surfaces.

2. Microstrip applicators operating at 434 MHz are available in 5 different sizes with
largest aperture size of 20 x 30 cm (Medlogix, Rome, Italy; and Istok, Fryazino,
Russia). A rubber water bolus integrated with the applicator is placed between appli-
cator and patient skin to ensure that the emitted electromagnetic energy is coupled
effectively into the patient. This water bolus is a plastic bag containing circulating
distilled water to provide warming of the skin surface to the therapeutic range. Power
is generated by the ALBA 4000 Double-ON system (Medlogix, Rome, Italy), which
supports optional simultaneous use of two applicators to cover larger tumor surfaces.

3. Anin-house developed water-filled 70 MHz double waveguide system for semi-
deep-seated breast tumors. Depending on the target size and location, wave-
guides with aperture sizes of 34 x 21 cm, 34 x 15 cm, or 34 x 8.5 cm can be
selected [14]. A water bolus placed between waveguide and patient skin ensures
that the emitted electromagnetic energy is coupled effectively into the patient.
This water bolus contains circulating distilled water to provide either warming
or cooling of the skin, depending on whether the skin is part of the tumor target
or not. The generator system is an 8-channel DDS-based phase and amplitude-
controlled RF generator system (SSB Electronic, Iserlohn, Germany) combined
with 500 W solid-state 70 MHz amplifiers (Restek, Rome, Italy).

Single applicators or combinations of these three systems are deployed, depending
on tumor size and depth. We use wIRA for different subgroups of patients: the first is
patients with very widespread cancer en cuirasse type of disease, often spreading to
both the ventral and dorsal sides of the patient. Consequently, patients are sometimes
heated in seated position with wIRA-radiators on either side of the body to achieve
simultaneous heating of the entire target region. A second application of wIRA is for
patients with silicone breast prosthesis with tumor recurrence in the narrow strip of skin
tissue overlaying the prosthesis. In both aforementioned applications, wIRA may be
combined with the other two methods if some tumor sections are too deep-seated to be
covered by wIRA. A third application of wIRA involves patients with semi-deep-
seated tumors, for instance when an intact breast is the target region, including the skin
surface and extending more than 4 cm deep into the breast. In that case, wIRA heating
is applied for the skin, and a MW or RF antenna is used for the more deep-seated parts
of the tumor. In case of combined use of devices, we select either simultaneous use
during a single hyperthermia session, or separate hyperthermia sessions per
device/region.
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7.3  Temperature Control and Thermometry

Thermal monitoring during hyperthermia treatments is essential to ensure treatment
quality. Amsterdam UMC uses extensive thermometry during hyperthermia treat-
ment of recurrent breast cancer, which includes both noninvasive measurements on
the skin surface and invasive intra-tumoral measurements. During RF or MW heat-
ing, skin temperatures are monitored using a number of 6—15 thermocouple probes,
distributed evenly over the skin surface. Typically, an additional 1-3 probes are
placed invasively (if possible) and 2—6 probes on scar tissue. The invasive thermom-
etry catheters are in principle left in situ for the 3- to 4-week duration of the treatment
series, unless contraindicated or at signs of inflammation. The Amsterdam UMC
uses 7-sensor and 14-sensor copper constantan thermocouple probes (Volenec RD
Inc., Hradec Kréalové, Czech Republic) with an outer diameter of 0.5 mm or 0.9 mm,
respectively, and either 5 or 10 mm spacing between consecutive temperature sen-
sors. An in-house developed 196-channel thermometry system is used to measure
every 30 sec undisturbed temperatures during a short power-off interval of the RF or
MW antenna [15]. During hyperthermia treatments with the wIRA system, skin tem-
perature measurements are performed using an IR camera. The control program pro-
vides real-time temperature control by switching off and on the wIRA radiation to
maintain the maximum skin temperature in a predefined range of 42-43 °C. When
sections of the tumor extend beyond 1 cm depth, catheters are inserted for additional
invasive thermometry, prior to the first hyperthermia session. If wiIRA is used in
conjunction with 434 MHz microstrip applicators, then the thermocouple probes are
preferably placed in the direction perpendicular to the dominant field direction of the
434 MHz applicator to minimize the risk of picking up MW energy.

In more simple cases, implantation of thermometry catheters is performed by the
staff at the Radiation Oncology Department. Implantation at more challenging loca-
tions, e.g., close to blood vessels, is performed under ultrasound guidance by an inter-
ventional radiologist. After implantation, the catheter position and insertion depth are
determined using a CT scan. Information on the probe positions is important to assist
the staff in interpreting temperature data during the hyperthermia sessions and per-
form adjustments in system settings when needed. A number of relevant thermal dose
parameters are derived from the temperature data in accordance with QA guidelines
[6]. Target temperatures during treatment are reported as T10, TS0, and T90, i.e., the
temperature at least achieved in 10%, 50%, and 90% of the target representative mea-
surements during the steady-state period. The thermal dose parameters CEM43 T90
and CEM43 T50 can be derived, which represent the thermal dose given in equivalent
number of minutes at 43 °C. This allows inter-comparison of treatment data.

7.4 Treatment Schedules

Patients with superficial chest wall recurrences of breast cancer are treated with
radiotherapy and hyperthermia at Amsterdam UMC. The hyperthermia target vol-
ume follows the re-irradiation target volume, and this also applies in case of elective
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re-irradiation after local tumor resection. Different fractionation schedules are used.
The standard schedule consists of 23 daily fractions of 2 Gy for radiotherapy, with
hyperthermia given once a week, for 5 weeks, within one hour after radiotherapy
that day. The latter is based on preclinical and clinical data, demonstrating better
treatment outcome for shorter time intervals between radiotherapy and hyperther-
mia [16-18]. Two hyperthermia sessions are given each week in case parts of the
target zone need to be heated in separate sessions, one session using WIRA for the
most superficial part and one session using RF/MW antenna(s) for remaining
deeper-seated parts of the tumor. Time between those two hyperthermia sessions is
at least 48 h to prevent the occurrence of thermotolerance [19].

For frail and very elderly patients an alternative, hypofractionated 8 x 4 Gy
schedule is used with radiotherapy twice a week and hyperthermia once a week,
again within one hour after radiotherapy. For cancer en cuirasse patients, a hypo-
fractionated 5 x 4 Gy schedule is used, with once a week radiotherapy and once a
week hyperthermia. In this case, hyperthermia is given first, followed by radiother-
apy aiming at an ultrashort time interval shorter than 5 min [9].

7.5 Clinical Application of wWIRA Combined with Other
Hyperthermia Devices

This section covers two clinical applications where WIRA is combined with RF or
MW hyperthermia for tumor sections, which are too deep-seated to be covered by
wIRA alone. The first case is a patient with a semi-deep breast tumor in an intact
breast, and the second case is a patient with silicone breast prosthesis and a laterally
extending semi-deep tumor lesion. Selection of RF versus MW depends on the heat-
ing depth required.

Case 1 Semi-deep-seated tumor in an intact breast. A typical case for an intact
breast is the target region as schematically illustrated in Fig. 7.1. Here, the target
region starts at the skin surface and extends more than 4 cm deep into the breast,
which requires the use of our 70 MHz system to reach the entire tumor. To heat the
skin surface, we used the wIRA system (Fig. 7.1b), and to heat the deeper-seated
part of the tumor, we used 70 MHz applicators with water bolus temperatures set to
low temperatures (20-30 °C) to provide skin cooling (Fig. 7.1c). The wIRA and RF
hyperthermia are applied in separate sessions.

In a patient case described in [20] and illustrated in Fig. 7.1, hyperthermia treat-
ment of a semi-deep-seated breast tumor extending 6 cm below the skin was per-
formed using wIRA combined with a single 20x34 cm 70 MHz waveguide in five
weekly sessions. The patient received 23 daily radiotherapy fractions of 2 Gy, with
two weekly hyperthermia fractions, one for the superficial part and one for the
deeper part of the tumor. Invasive thermometry was performed using a catheter
placed at maximum tumor depth. Surface thermometry during wIRA sessions was
performed using the IR camera. We achieved median tumor temperatures T50
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Thermocouple
probe

Fig. 7.1 (a) patient with a semi-deep-seated tumor in an intact breast. (b) the breast surface is
treated with two WIRA applicators. (¢) the more deep-seated tumor section is heated with one
ventral (not shown) or a ventral and a dorsal 70 MHz applicator with bags with circulating cool
water between antenna and skin. The blue dotted line indicates invasive thermometry present to
guide the treatment

between 40.8 °C and 42.2 °C measured at depth during the 70 MHz sessions and
skin temperatures between 42 °C and 43 °C during the wIRA sessions [20]. Thus,
therapeutic temperatures were achieved in the entire treatment volume by applying
two different hyperthermia devices in two separate sessions, and the treatment was
successful and resulted in complete tumor control.

Case 2 Tumor lesion near silicone implant. A 58-year-old patient with a retro-pectoral
silicone breast prosthesis directly under the skin had a tumor lesion in the skin, which
was extending laterally. The tumor depth was about 1 cm in the skin overlying the
prosthesis and up to 4 cm in the lateral section. The patient was treated with 23 x 2 Gy
plus hyperthermia. Simultaneous application of combined WIRA and microwave
hyperthermia was applied. We heated the skin over the breast with the wIRA system
and the lateral section of the tumor with a 434 MHz applicator, as shown in Fig. 7.2.

Prior to treatment, an interventional radiologist placed three catheters for inva-
sive thermometry close to the prosthesis edge at medial, cranial, and caudal loca-
tions with respect to the prosthesis, a fourth catheter was placed lateral to the
prosthesis for measurement underneath the 434 MHz applicator as illustrated in
Fig. 7.3. In addition, multiple thermocouple probes were placed on the skin just
prior to each treatment session.

The catheters are left in situ for the duration of the treatment series, usually
3-5 weeks. After a treatment session, each catheter is covered with patches for
hygiene as shown in Fig. 7.4.

The patient received four hyperthermia sessions of one hour each with simulta-
neous use of the wIRA system and a 434 MHz applicator. The part of the 434 MHz
applicator that was in the field of view of the wIRA system was covered with a
white towel to prevent IR temperature measurement artifacts: See Figs. 7.5 and 7.3.

Treatment was well-tolerated and recorded temperatures were in the therapeutic
range. Median surface and invasive temperatures T50 for the area treated with the
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b

Thermocouple probe

Thermocouple probe

Fig. 7.2 (a) A patient with tumor lesions in the skin overlying a silicone breast prosthesis and
extending laterally. (b) Schematic setup for simultaneous WIRA heating for the breast, combined
with a 434 MHz applicator for the more deep-seated lesions. Blue dotted line indicates invasive
thermometry present to guide the treatment

Fig. 7.3 Location of catheters for invasive thermometry at medial, lateral, cranial, and caudal
locations with respect to the prosthesis. Green arrows indicate the entry points of the catheters.
Right-hand panel shows the 434 MHz applicator covered with a white towel positioned lateral to
the breast

Fig. 7.4 (a) A ca 3-cm section of the thermometry catheter extends outside the skin. (b) External
sections of catheters are covered with patches between consecutive hyperthermia sessions
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Fig. 7.5 Simultaneous use of the wIRA system and a 434 MHz applicator (indicated by green
dotted outline) for tumor heating

wIRA system ranged between 42.5 °C and 43 °C, and between 38.0 °C and 39.9 °C,
respectively. Median surface and invasive temperatures T50 under the 434 MHz
applicator ranged between 40.4 °C and 41.4 °C, and between 39.9 °C and 40.9 °C,
respectively. The treatment was successful and resulted in complete tumor control.

7.6 Conclusions

Our results demonstrate that a good heating quality can be achieved for heating
superficial versus deep subsections of a tumor, when using treatment protocols,
which combine the use of wIRA, MW, and RF systems. These combination proto-
cols were successfully applied for different challenging clinical cases, and they per-
mit extending the range of tumor sites and sizes that can be adequately heated with
existing hyperthermia devices.
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Abbreviations

CT Computed tomography
FRWBH Fever-range whole-body hyperthermia
HNSCC  Head and neck squamous cell carcinomas

HPV Human papillomavirus

HT Hyperthermia

MRI Magnetic resonance imaging
PET Positron emission tomography
TER Thermal enhancement ratio

WBH Whole-body hyperthermia

8.1 Introduction

A key property of malignant tissue is its potential to metastasize. The major obstacle
to obtain long-term curation in cancer entities with the highest incidence of metas-
tasis such as breast, prostate, colorectal, and lung is distant metastases. Approximately
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90% of cancer-related deaths are due to metastatic disease. Metastases can occur
synchronously at the time of tumor diagnosis or metachronously, i.e., during follow-
up after initial treatment with curative intent. Hyperthermia (HT) is well known to
enhance the therapeutic ratio of radiotherapy and chemotherapy. The term “hyper-
thermia” is often not clearly defined. The most frequently applied capacitive or
radiative hyperthermia devices aim for a local or locoregional improvement of
tumor control and potentially also a moderate decrease of metachronous distant
metastases by stopping the formation of metastases at its source. In contrast, whole-
body hyperthermia (WBH) aims to increase the temperature within the whole
organism. Consequently, this mode of action could improve locoregional and also
systemic therapies. Three levels of WBH can be distinguished, depending on the
targeted body core temperature: mild WBH temperatures below 38.5 °C, moderate
WBH temperatures between 38.5 and 40.5 °C, which is also denoted as fever-range
WBH (FRWBH), and extreme WBH temperatures above 40.5 °C.

Out of the plethora of investigated agents, platin derivates, especially cisplatin, are
the most comprehensively studied chemotherapeutic agents regarding thermo-
enhancement. Urano et al. were able to show that thermal enhancement can already be
observed with slight temperature increases up to 39 °C, but that a much stronger ther-
mal enhancement ratio (TER) was observed with temperatures above 41 °C [1]. This
was the rationale to implement WBH into early clinical trials in which an enhanced
cytotoxic effect against distant metastases was envisaged. Since most trials focused on
TER, the aim was to achieve body core temperatures as high as clinically achievable.
Therefore, most clinical trials on WBH investigated extreme WBH, i.e., with targeted
body core temperatures of 41—41.5 °C. However, extreme WBH is difficult to apply,
bears important risks, and is quite expensive. Patients need to be sedated and often
even ventilated. Close, invasive cardiovascular monitoring and narcosis must be per-
formed by experienced anesthesiologists. At the same time, patients with cancer often
present with poor general health and relevant cardiovascular comorbidities. Extreme
WBH has therefore only been investigated in non-randomized phase I or phase 11
clinical trials and does not appear to deliver practice-changing results. Lassche et al.
summarized the available evidence for this kind of treatment in a recent review and
concluded that “...as modern oncology offers many less invasive treatments options, it
is unlikely WBH will ever find its way in routine clinical care” [2].

Given these data, extreme WBH currently does not seem to have a major role in
oncology. However, FRWBH might be an attractive adjunct to modern oncological
treatment strategies as this kind of treatment is usually well tolerated. In the follow-
ing, we will therefore mainly focus on FRWBH, since preclinical studies and early
clinical trials in oncology and in non-oncological diseases showed promising results
for this approach.

8.2 Techniques for Whole-Body Hyperthermia (WBH)

Various methods can be used to induce WBH in patients. Some authors argue that
fever induction by mistletoe can also be regarded as a method to induce fever-like
temperatures. However, an important difference between inducing WBH by
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technical devices and mistletoe is that the latter induces endogenous fever, whereas
externally induced WBH induces the body to activate a plethora of processes to
maintain homeostasis. These two approaches should therefore have distinctly dif-
ferent effects on organ-specific perfusion rates.

There are three frequently applied methods to induce WBH by medical devices,
the most common of which being used currently is water-filtered Infrared-A irradia-
tion (WIRA) (see Chap. 11, this book).

8.3  Effects of Fever-Range WBH

FRWBH has highly pleiotropic effects, many aspects of which, especially those
relating to the tumor microenvironment (TME) and the immune system, are tightly
interwoven. This might also be the case for its psychological effects and the influ-
ence of these on immune function. Nonetheless, for didactical reasons, we propose
the following subdivision for the FRWBH effects.

8.3.1 Effects on the Tumor Microenvironment (TME)

FRWBH has been studied in various preclinical models. The laboratories of
Elizabeth Repasky and Sharon Evans in Buffalo, NY (USA), have provided sub-
stantial data on the mechanisms of FRWBH in preclinical oncology models. They
showed that FRWBH reduced the interstitial fluid pressure within an established
head and neck squamous cell carcinoma (HNSCC) and in a patient-derived xeno-
graft model. The reduced interstitial fluid pressure is followed by an increased
tumor perfusion and thus oxygen supply, and consecutively reduced tumor hypoxia.
Since tumor hypoxia is a well-known negative prognostic factor in oncology, espe-
cially given its ability to confer resistance to radiotherapy, FRWBH increased the
efficacy of radiotherapy in vivo [3]. The same effect could be demonstrated in vivo
using murine models of colon cancer and melanoma. The decreases in interstitial
fluid pressure and tumor hypoxia were relatively long-lasting and were still appar-
ent 24 hours after the application of FRWBH [4]. Another group was able to show
that local heating with mild temperatures decreases tumor hypoxia in a murine
breast cancer model, as measured by dedicated small animal positron emission
tomography (PET) scans [5]. However, it is difficult to draw a conclusion for the
impact of FRWBH from this study since the influence on perfusion is probably very
different for local or whole-body heating. Nonetheless, the effect of FRWBH on
tumor perfusion has been shown in a case report of a patient with a huge (14 cm)
head and neck squamous cell carcinoma lymph node metastasis of an unknown
primary. The patient was treated within a prospective pilot trial of FRWBH
(Clinicaltrials.gov ID: NCT0189677) and received curatively intended definitive
chemoradiation. Additional computed tomography (CT) scans to assess tumor per-
fusion were performed and showed a pronounced increase in tumor perfusion
immediately after FRWBH which remained on a higher level for 5 days following
FRWBH treatment [6]. The patient showed rapid tumor shrinkage and remained
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locoregionally controlled at the last follow-up visit 2 years after the end of treat-
ment. One limitation of this case, besides being only one case, is that tissue immu-
nohistochemistry (IHC) revealed cells with positive p16 staining. p16 is a surrogate
for human papillomavirus (HPV)-induced HNSCC. These tumors present relatively
favorable outcome, even in locally advanced stages, especially due to their high
sensitivity to radiation. Therefore, it cannot be ruled out that the observed effect is,
at least partly, tumor-specific and not related to FRWBH.

Although HPV-associated HNSCCs have relatively good prognosis even
in locally advanced stages, the opposite holds true for HPV-negative HNSCC that
recur after initial radiotherapy/chemoradiation. In this setting, re-irradiation is a
frequently chosen approach, but is usually only able to achieve short-term palliation
since the re-irradiation dose is limited due to prior dose exposure of surrounding
at-risk organs and due to the usually high radioresistance of recurrent tumors. This
was the rationale to initiate a prospective trial on re-irradiation of locally recurrent
HNSCC in combination with FRWBH (Clinicaltrials.gov ID: NCT03547388). The
trial included sophisticated hypoxia-PET examinations and perfusion imaging by
magnetic resonance imaging (MRI). The intention was to repeat hypoxia-PET-MRI
during treatment to provide clinical data on the anti-hypoxia effect of FRWBH. The
trial recruited all 10 planned patients, eight of which had additional PET and seven
additional MRI imaging. Surprisingly, baseline examinations revealed an absence
of PET-detectable hypoxia and very heterogeneous blood flow behavior in recurrent
tumors [7]. Figure 8.1 shows representative patient examples. Therefore, no conclu-
sions on the effect of FRWBH on tumor hypoxia and perfusion could be drawn in
this cohort. Nonetheless, in an exploratory analysis, patients who received at least
three FRWBH treatments concomitant with re-irradiation showed a potential
improvement of locoregional tumor control [8].

8.3.2 Effects on the Imnmune System

Temperature is a key element for the immune system of vertebrates, and a large
amount of preclinical data have shown the importance of HT and FRBWH on anti-
tumor immunology. HT enhances both cellular and humoral immune responses by
several mechanisms. It increases natural killer (NK) cell function, the trafficking of
cytotoxic T cells to tumors, the functional activity of macrophages and dendritic
cells (DCs), and the production of pro-inflammatory cytokines. The data are com-
prehensively summarized in two review articles [9, 10]. Various groups have been
able to demonstrate that FRWBH positively influences immune responsiveness,
especially in cancer. Preclinical in vivo studies by the group of Joan Bull in Houston,
TX (USA), were able to show that fever-range hyperthermia has the potential to
foster anti-tumor immune responses without increasing normal tissue toxicity—
short-term extreme WBH caused severe damage to normal tissue [11]. This led to a
first clinical trial to investigate the efficacy of combining cytostatic agents plus
interferon-alpha with FRWBH in patients with different metastatic diseases [12].
This trial was performed in the pre-immune checkpoint era, and this approach was
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Fig.8.1 Example of three patients treated with FRWBH plus re-irradiation for recurrent head and
neck squamous cell carcinomas. FDG-PET CT (upper row) shows high glucose uptake of all
tumors, while MRI (middle row) and hypoxia-related PET (lower row) do not show relevant tumor
hypoxia or perfusion restriction. Image taken from [7]

unfortunately not pursued despite promising results regarding response rate and
patient-reported quality of life. A recent retrospective analysis of 131 patients with
stage IV solid cancers that had failed to respond to all conventional therapies and
were treated with checkpoint inhibition and FRWBH has shown that the treatment
was well tolerated, and response and progression-free survival rates were very
promising, especially considering the unfavorable prognosis of the patient cohorts.
However, one important limitation is the magnitude of interventions within these
patients: Patients did not receive standard doses of checkpoint inhibition, only low-
dose ipilimumab (CTLA-4, 0.3 mg/kg instead of 1.0 mg/kg). In addition, several
other co-interventions were performed: additional locoregional HT and also inter-
leukin 2 administration [13]. Although this hampers any conclusions on the
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potential use of each single intervention, it does highlight the potential to improve
current immunotherapeutic approaches.

Prospective trials that combine immunotherapy with HT are therefore war-
ranted. With respect to combining immunotherapy and HT, currently three studies
have investigated this combination. Two studies are non-randomized trials under-
taken in China that have used the Thermotron RF-8EX capacitive hyperthermia
device. Both studies combine checkpoint inhibition, cellular immunotherapy, and
HT in either mesothelioma or various abdominal/pelvic malignancies
(Clinicaltrials.gov ID: NCT03757858 and NCT03393858). Another non-random-
ized phase-Ib/II clinical study in France has investigated intraperitoneal check-
point inhibition in combination with hyperthermic intraperitoneal chemotherapy
in patients with advanced ovarian carcinoma (Clinicaltrials.gov ID:
NCT03959761). So far, no clinical trial on combining checkpoint inhibition and
FRWBH has been started.

8.3.3 Psychoneurological Effects

In the non-oncology setting, a small, randomized, double-blind study in patients
with major depressive symptoms revealed a long-lasting anti-depressive effect of
single-session FRWBH compared with sham HT in the control [14]. This positive
trial increased interest in FRWBH in the psychiatry community, and several ongo-
ing trials are investigating the use of FRWBH for treating depressive disorders,
some of which are combining FRWBH with pharmacological treatment. Since
depressive symptoms are prevalent among cancer patients, this might be an addi-
tional important benefit of FRWBH in the oncology setting. In this regard, it has
been shown that an effective decrease of depressive symptoms was associated with
improved survival in patients with metastatic breast cancer [15].

FRWBH also appears to have positive effects on nociception—the neural pro-
cesses of encoding and processing noxious stimuli. A small randomized clinical
trial has shown FRWBH to significantly alleviate nonspecific lumbar back pain in
patients receiving multimodal pain therapy [16]. Two other studies, one of them
randomized, have also shown the potential of FRWBH to improve symptoms of
fibromyalgia [17, 18]. Since pain is a frequent symptom of advanced-stage cancer,
this might be another desirable effect of FRWBH in the oncology setting (see Chap.
11, this book).

8.3.4 Other Effects Possibly Relevant in Oncology

An interesting preclinical study in mice revealed the potential of FRWBH to ame-
liorate severe neutropenia and induce a more rapid recovery from neutropenia after
total body irradiation compared to control mice [19]. This is a very encouraging
finding given that neutropenia is one of the most frequently observed severe side
effects of chemotherapy and chemoradiation which is potentially life-threatening
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Fig. 8.2 Overview of pleiotropic FRWBH effects in oncology

and hampers the administration of additional cycles of chemotherapy. However, this
finding has not yet been corroborated in clinical trials.

Although FRWBH is also very likely to have a strong impact on the composition
of the gut microbiome [20] which is known to influence therapeutic response to
conventional cancer therapy and immunotherapy, preclinical and clinical data in this
area are currently lacking. Figure 8.2 summarizes the pleiotropic effects of FRWBH
in the oncology setting.

8.4 Conclusions

We are currently witnessing dramatic changes in the paradigms for the treatment of
cancer. Although radiotherapy has always been regarded as a local treatment that
aims to kill all viable tumor cells within the irradiated target volume, the advent of
novel immunotherapies has somewhat shifted this paradigm. Abscopal radiation
responses, i.e., responses outside the irradiated field, and radiation-induced boost-
ing of immunotherapy by generating neoantigens are gaining interest and have led
to several ongoing clinical trials that pursue this unconventional radiotherapy
approach. The same might be the case with (whole-body) hyperthermia. In 1987,
van der Zee summarized the knowledge of that time as follows: “In view of the fact
that immunological factors in tumor therapy do not play a significant role..., it is
likely that the elevated temperatures have been instrumental” [21]. This reflects the
strong impact of hyperthermia on classical TER of cytostatic drugs and radiother-
apy in the past. Nowadays, we know that immunological factors play a pivotal role
in oncology and it is noteworthy to mention that the pioneers of preclinical FRWBH
were immunologists or oncologists having a strong focus on tumor immunology.
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Gold Nanoparticles and Infrared 9
Heating: Use of wiRA Irradiation

J. F. Hainfeld and H. M. Smilowitz

9.1 Introduction

There is intense interest in using hyperthermia (HT) as a therapeutic strategy to
directly treat tumors by extreme heating (>43 °C for expanded heating times) or,
preferentially, using mild hyperthermia (39—43 °C) to sensitize tumors to other ther-
apies such as X-irradiation and/or chemotherapy. Despite considerable effort in this
area, the promise of using hyperthermia to treat human tumors has not yet been fully
realized. The holy grail would be an injectable that can access metastatic tumors
with a high degree of specificity allowing sufficient heating of the tumor to cause
necrosis or sensitization to other therapies while sparing normal tissues. To our
knowledge, such an injectable is not yet widely available—despite major efforts to
develop such reagents—particularly those efforts using iron nanoparticles and elec-
tromagnetic heating. The prospect of using nanoparticles to heat superficial and/or
localized tumors in humans seems closer at hand.

This review focuses on the preclinical use of gold nanoparticles and water-
filtered infrared A (WIRA) heating using a special wIRA radiator (Model 09.06.00,
Hydrosun, Miillheim, Germany). This is discussed in the context of other nanogold
constructs (e.g., nanoshells, nanorods, and nanotubes) that have been used for the
heating of superficial and/or localized tumors and, with fiber-optic light guides,
deeper tumors.

Near-infrared irradiation (NIR and wIRA) has photons of longer wavelength and
less energy enabling the irradiation to penetrate deeper into living tissue. Gold
nanostructures provide a mechanism for photothermal effect mechanisms whereby
wIRA irradiation is converted into heat. A number of investigators have tried to take
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advantage of the known collective plasmon modes of metal nanoparticles in which
the optical properties of gold molecules shift when gold molecules are brought into
close apposition to one another [1, 2]. For example, Souza et al. [3] cleverly used
phage display methodology to generate networks of gold-filamentous fd (also
known as fl or M13) phage constructs that targeted cells and also functioned as
signal reporters for fluorescence, dark-field, and near-infrared (NIR) surface-
enhanced Raman scattering (SERS) spectroscopy, since they formed tangled clus-
ters that brought gold molecules close together. Nam et al. [4] designed “smart”
10 nm gold nanoparticles that were designed to clump together under mild acidic
intracellular space where electrostatic interactions between nanoparticles form
aggregates inside acidic cell organelles, such as lysosomes; once becoming trapped
due to their large size, the aggregates of gold nanoparticles exhibited an absorption
shift to far-red and near-infrared that could be exploited for therapy since these
wavelengths have maximal tissue penetration properties.

Nanoprobes, Inc., and collaborators developed tumor-cell receptor-targeted
spherical gold nanoparticles with net negative charge designed to enter cells by
receptor-mediated endocytosis and then aggregate in the acidic and proteolytic
environment of the lysosome [5, 6]. Once aggregated by adjusting the pH to 5 in the
presence of proteases, they undergo the aforementioned spectral shift, illustrated in
Fig. 9.1, in which absorption in the 800 nm range is greatly increased. The extinc-
tion amplification factor (extinction after aggregation divided by extinction before
aggregation) was ~20 at 800 nm. This resulted in increased heating. Three different
gold nanoparticle constructs were synthesized (Fig. 9.2).

9.1.1 Constructl

AuNPs had antibodies to epidermal growth factor receptor (EGFR) adsorbed to them;
adsorption of antibodies to the AuNPs was via electrostatic interactions. Many tumors
overexpress EGFR. After binding to EGFR, the antibody-coated AuNPs were endocy-
tosed. Endocytic vesicles then fused with lysosomes where the proteolytic enzymes of
the lysosome degraded the adsorbed antibodies; the low pH of the lysosome resulted in
AuNP aggregation. In cell studies, AuNPs were found to accumulate in punctate spots
that were distributed in cytoplasmic structures largely around the cell nucleus that
likely represented endocytic vesicular structures (endosomes) and lysosomes.

9.1.2 Constructll

AuNPs were coated with lipoic acid which provided a free carboxyl group and
dithio(succinimidyl propionate) (DSP) used to covalently couple anti-EGFR anti-
bodies. Again, after binding to EGFR receptors, endosomal internalization resulted
in lysosomal antibody degradation and AuNP aggregation; protonation removed
negative charges that kept AuNPs apart. Degradation of antibodies removed steric
hindrance to van der Waals-mediated aggregation.
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Fig. 9.1 Change in absorption spectra under various conditions. Construct II showed stability
in PBS at 37 pC for 24 h (black trace) and also negligible spectral change at pH 5 after 24 h
(blue trace). However, at pH 5 and in the presence of pepsin, extensive aggregation was
observed (red trace), greatly increasing the absorbance in the near-infrared region (IR-A-
region). Reproduced with permission from [5]

9.1.3 Constructlll

AuNPs were coated with glutathione, then glutaraldehyde, and anti-EGFR. AuNPs
with anti-EGFR covalently bound by Schiff’s base were internalized by receptor-
mediated endocytosis. Again, the acidic environment of the lysosome resulted in
protonation of carboxyl groups, release of antibody, and AuNP aggregation.

All three AuNP constructs remained stable in the blood; the ability to resist aggre-
gation in the blood prior to delivery to the tumor was a critical requirement for suc-
cess. pH 5 alone caused Construct I but not Construct II and III to
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Fig.9.2 Schemes for tumor delivery and aggregation in endosomes/lysosomes. Scheme 1: AuNPs
have anti-tumor antibodies adsorbed (a), Construct I) that in the lysosome are degraded, allowing
the AuNPs to aggregate (b). Scheme II: AuNPs are coated with lipoic acid and dithio(succinimidyl
propionate) (DSP) (a), covalently coupled to anti-EGFr antibodies (b, Construct II), then proton-
ated in the endosome with enzymatic antibody digestion in the lysosome (c), leading to aggrega-
tion (d). Scheme III: AuNPs are coated with glutathione (a), reacted with glutaraldehyde (b), and
then anti-EGFr antibodies (¢, Construct III) to form Schiff’s bases vulnerable to cleavage at endo-
somal pH (d), resulting in protonation of carboxyl groups and along with enzymatic antibody
degradation, causing aggregation (e). Reproduced with permission from [5]

aggregate—presumably due to the less-stable electrostatic absorption of anti-EGFR
to AuNPs used in Construct I vs the covalent attachments used in Constructs IT and I1II.

9.2 Treatments and Results

In vivo testing was performed in athymic nude mice with advanced (100-150 mm?)
A431 squamous cell carcinomas growing on their flanks subcutaneously and
Constructs IT and III. The anti-EGFR AuNP conjugates were injected intravenously
via the tail vein and showed preferential tumor localization (Fig. 9.3a). Six hours
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post-i.v. injections, tumor-to-muscle ratios of gold content (determined by atomic
absorptions) was 12.9 + 1.8 to 1; gentle extraction with NaOH and detergent con-
firmed that all of the tumoral AuNP was in the aggregated state. Water-filtered infra-
red A irradiation using the Hydrosun wIRA radiator proved very effective treating of
tumors that had accumulated anti-EGFR-AuNP constructs that had been injected i.v.
or directly into the tumors. Figure 9.3b shows typical before and after wIRA treat-
ment results (1.5 W/cm?, exposed for 1.9 min to the wIRA radiator; short exposure
times necessitate higher irradiances) when mice received A, D, No AuNP treatment,
B. E, anti-EGFR-AuNP injections directly into the tumors (0.2 g Au/kg in 10 L, and
C, F, i.v. injections of anti-EGFR (1.0 g Au/kg). Tumors that received direct injec-
tions of Construct II (B, E) or were loaded with Construct II after i.v. injections (C,
F) necrosed after wIRA treatment, formed a scab, and healed with no apparent scar-
ring over 2-3 weeks. Untreated tumors progressed. Figure 9.4 shows an experiment

Fig. 9.3a Photographs of mice after intravenous injection of AuNPs. (A) Mouse 1.5 h after tail
vein injection of 15 nm AuNPs with adsorbed anti-tumor antibody (Construct I) which localized to
the tumor on its leg. (B) Mouse before injection of AuNPs. (C) Mouse in (B) 1.5 h after iv injection
of non-targeted 15 nm AuNPs coated with 2 k MW PEG. Reproduced with permission from [5]

Before
treatment

3 weeks
after IR
treatment

Fig.9.3b Mice with Tumors before and after IR/AuNP treatment. Top row before treatment, bot-
tom row 3 weeks after wIRA treatment. (A, D) No AuNPs, but exposed to IR. (B, E) Mouse with
10 pL direct intratumoral injection of 15 nm anti-EGFr lipoic acid AuNP preparation (Construct
1) and wIRA. (C, F) Mouse with intravenous 15 nm anti-EGFr lipoic acid AuNP preparation and
wIRA. There was no residual normal tissue or body impairment with little to no scarring seen with
the AuNP-IR-treated animals. wIRA treatment: 1.5 W/cm? 1.9-min exposure time. Reproduced
with permission from [5]
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Fig. 9.4 Plots of tumor volume vs. time after wIRA treatments. (a) wIRA only, 22% survival
(2/9); (b) wIRA after direct intra-tumoral injection of 0.2 g Au/kg 15 nm anti-EGFr lipoic acid
AuNP preparation (Construct II), 89% tumor ablation (8/9); (¢) wIRA after i.v. injection of 1.0 g
Au/kg Construct II, 100% tumor ablation (8/8); (d) wIRA after i.v. injection of 1.5 g Au/kg 15 nm
anti-EGFr Schiff’s base AuNP preparation (Construct III), 100% tumor ablation (9/9). wIRA treat-
ment: 1.5 W/cm?, 1.9-min exposure time. Reproduced with permission from [5]

utilizing, on average, 9 mice per group. Tumors receiving either direct injection of
0.2 g Construct II (Fig. 9.4b) or i.v. injections of 1.0 g Au/kg Construct II (Fig. 9.4c),
or i.v. injection of 1.5 g/kg Construct III (Fig. 9.4d) experienced 89%, 89%, and
100% complete ablation, respectively, whereas untreated tumors (Fig. 9.4a) experi-
enced only 22% ablations after wIRA treatment (1.5 W/cm?, 1.9 min). These results
proved the efficacy of Constructs II and III to cure advanced human A431 tumors
growing subcutaneously in the flanks of immune-compromised mice when provided
either directly to the tumors or intravenously prior to wIRA therapy using the
Hydrosun radiator. A follow-up experiment was performed combining gold nanopar-
ticle-mediated wIRA heating and radiation therapy (RT). The synergy between heat
and RT has been well known for many years. In this experiment, the radioresistant
mouse SCCVII squamous cell carcinoma was implanted subcutaneously in immune-
compromised mice and allowed to progress to an advanced stage (100150 mm?)
before initiating therapy. The SCCVII tumor expresses EGFR. The anti-EGFR
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conjugated to AuNPs in Construct II bind to EGFR on SCCVII cells. The experimen-
tal plan was to intratumorally infuse via convection enhanced delivery (CED)
Construct II, the lipoic acid AuNPs. After allowing time for adequate diffusion of the
AuNPs and cellular uptake (24 hours), tumors receiving heating were treated with
wIRA at 48 °C for 5 min. Those tumors slated for RT were irradiated at the indicated
doses within minutes after heating. Table 9.1 shows the different experimental groups
and how they were treated. The results, shown in Fig. 9.5, are as follows:

1. wIRA-hyperthermia treatment alone after AuNP administration (48 °C, 5 min,
Group B) is not effective at tumor control (1 out of 7 or 14% survived (no tumor
after 250 days).

2. RT alone (25 Gy) is also not effective therapeutically; 2/6 or 33% survived.

3. RT (25 Gy) plus wIRA (no prior AuNP) was not effective (0/7 survived). Note
that wIRA without prior AuNP does not heat the tumor in the experimental set-
up chosen.

4. AuNP infusion followed by 25 Gy RT alone (Group D) was also ineffective (1/8
or 12% surviving). The SCCVII is a radiation-resistant tumor requiring 55 Gy for
half-maximal control. However, AuNPs + wIRA irradiation followed by X-ray
irradiation was very effective. For the radiation doses used, 15 Gy (Group E),
20 Gy (Group F), and 25 Gy (Group G), survival was 5/7 (71%) in all three groups.

Additional controls (AuNPs only) or wIRA treatment only showed no benefit
(0/7 survival). While RT without effective heating slowed tumor growth as would be
expected, only the combination of effective heating and RT, even at reduced radia-
tion doses, was effective. At 250 days, there was some loss of muscle mass in treated
mice (15-20%), but there was no loss of leg function. Hence, wIRA hyperthermia
not only enabled RT to be effective but reduced the dose of RT needed to be effec-
tive. This would be very significant therapeutically if translated to the clinic.

Other gold nanostructures (nanoshells, nanorods, nanotubes, nanorings,
nanostars, nanocages) have been developed that also convert near-infrared irradia-
tion into heat and are useful for hyperthermia therapy [7, 8]. Gold nanoshells and
gold nanorods were nicely described in the introduction to Hainfeld et al. [5] and
have been the subject of reviews since then. Gold nanoshells (Nanospectra

Table 9.1 Experimental groups. Reproduced with permission from [6]

Radiation Radiation Radiation number of  Survival (>250

Group AuNPs NIR 15 Gy 20 Gy 25 Gy mice days)

v 2/6=33%
v 1/7=14%
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0/7=0%
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Note: Heating was only observed with AuNPs + NIR (Fig. 9.5)
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Fig. 9.5 Tumor volume vs. time for various treatments corresponding to Table 9.1 (group a-g).
Survivors that were tumor-free at 250 days are given at the right of the horizontal axes (e.g., 5/7
meaning 5 out of 7 survived with no measurable tumor). Tumor volumes of individual mice are
plotted. Each colored line represents one mouse. Reproduced with permission from [6]
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Biosciences, Inc.) are constructed with a ~ 110 nm silica core and a ~ 10-nm-thick
gold outer layer. Their absorption properties at 800 nm can be tuned by varying core
and shell properties. Efficacy in preclinical studies after both direct and i.v. injec-
tions was demonstrated in the early 2000s. Gold-silica nanoshells (GSN) have pro-
gressed to clinical trials in which laser excited nanoshells in combination with
MRI-ultrasound fusion imaging were used to treat 16 patients with low-to-
intermediate grade prostate tumors confined to the prostate, when they are curable
[9]. On day 1, patients received 7.5 mg/kg i.v. infusion of GSN (4.8 mg/mL), and on
day 2, patients received laser illumination under general anesthesia. Follow-up
biopsy showed GSN-mediated focal laser ablation was achieved in 15/16 patients
without serious complications or deleterious changes in genitourinary function. A
noteworthy feature of this technology is the relatively low amount of GSN infused
into patients compared to the gold nanoparticle studies. Presumably, GSNs are more
efficient at generating heat after infrared absorption, and numerous avenues are
being explored to see how GSNs can be used therapeutically to good advantage.

Gold nanorods (GNRs) (~50-100 nm in length) also adsorb in the NIR range
more efficiently than nanoshells. Preclinical experiments performed over 10 years
ago demonstrated subcutaneous tumor control; PEG-coated 13 x 47 nm gold
nanorods injected i.v. at 20 mg/kg demonstrated control of small subcutaneous
tumors on mice when tumors were irradiated 72 h post-injection with NIR. Once
again, the low levels of GNRs required for efficacy was notable. Mammary tumors
in dogs and cats were treated with NIR and GNRs directly injected into the tumors
[10]. A regimen in which the tumors were injected every 2 weeks for 3 weeks with
7.5 nM, 3.75 nM, and 1.88 nM GNR per 100 mm? tumor volume used for the first,
second, and third injections followed by NIR resulted in complete, durable remis-
sions (>1 year) in all seven of the dogs and cats with spontaneous mammary tumors.
A safety study of seven dogs mainly with soft tissue sarcomas with i.v. GNR and
NIR treatment was also performed recently [11]. Photothermal therapy with anti
EGFR-conjugated GNRs selectively targeted head and neck cancer decreased tumor
size with minimal side effects in more recent preclinical experiments. We are not
aware of any clinical trial results using the GNRs.

Mouse, cat, and dog trials have shown the gold nanoparticles, gold nanoshells,
and the gold nanorods to be safe when administered by direct injection or i.v. They
have shown some degree of efficacy for the treatment of diverse collections of
tumors including low- and intermediate-risk prostate cancer confined to the pros-
tate, mammary tumors, and soft tissue sarcomas. In most cases, optimized treatment
regimens have not been worked out so that it is not known yet how useful this
approach can be for superficial tumors of many different origins and some localized
deeper tumors. Nor have optimized combination therapy strategies been developed
combining heat, radiation, surgery, chemotherapy, and gene-based therapies. As
companies raise the millions of dollars needed for the development and testing of
these strategies, the clinical potential of nanogold/NIR therapy will become clearer.
Hopefully, out of the myriad of nanogold constructs that have been reported on, a
small number of most-effective constructs will emerge with the attendant invest-
ment and focus needed to have a positive patient impact.
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9.3 Conclusion

While treatment of prostate tumors requires a surgically inserted optical fiber and
the use of a laser, treatment of superficial tumors with nanogold and NIR could use
the wIRA radiator instead of the laser that is used in a large fraction of preclinical
studies. The wIRA radiator is portable and relatively inexpensive. If nanogold/NIR
therapy is proven to be useful to treat a readily accessible human tumor, the use of
the wIRA radiator used might make such therapy accessible to large numbers of
patients in low- and middle-income countries that lack access to very high-tech
expensive therapies. Foundations with a strong interest in bringing healthcare to
low- and middle-income nations might take note of the potential benefits the wIRA
radiator has to offer.
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Mild Hyperthermia Induced by 1 0
Water-Filtered Infrared A Irradiation:

A Potent Strategy to Foster Immune

Recognition and Anti-Tumor Immune

Responses in Superficial Cancers?

G. Multhoff, E. A. Repasky, and Peter Vaupel

10.1 Introduction

Dated back to the 1970s and 1980s, the rationale for the clinical application of
hyperthermia (HT) in oncology was to induce direct cytotoxic effects in cancer cells
by high, lethal temperatures (tT >43 °C). However, this concept was partially aban-
doned after recognizing that, with the heating technologies available at that time,
tumor temperatures (tT >43 °C) could not be reached in all tumors/tumor regions
treated in the clinical setting [1]. Using the contactless, thermography-controlled
water-filtered infrared A (wIRA) irradiation technique which could heat superficial,
large-sized tumors, tissue temperatures in the fever-range (tT = 39—41 °C) or mild
hyperthermia levels (tT = 39-43 °C) up to tissue depths of ~25 mm can be reached.
The advantages of this novel technique used in the clinical setting in combination
with subsequent hypofractionated radiotherapy have been summarized
recently [2-4].

Apart from a number of mechanisms of action as an adjuvant to radio- or chemo-
therapy, HT also impacts various beneficial effects on anti-tumor immunity. In
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addition to specific effects exerted on various anti-tumor immune responses also
related to the overexpression of heat shock proteins (HSPs), HT-induced increases
in tumor blood flow and microvascular permeability, and the impact on local deliv-
ery of blood-borne immune cells, antibodies, and cytokines will be discussed in this
article. HT-induced increases in tumor blood flow, associated with an improvement
of the tumor oxygenation status (“reversal of tumor hypoxia”), will be elucidated,
based on the fact that tumor hypoxia, a hallmark of cancer growth, is a potent inhibi-
tor of anti-tumor immune mechanisms.

10.2 Mild Hyperthermia Can Enhance the Delivery
of Blood-Borne Anti-Tumor Immunity

Mild hyperthermia (tT = 39-43 °C) can (at least temporarily) increase blood flow in
human tumors (for a review, see [5]). In inflammatory, recurrent breast cancer, a
frequent medical indication for superficial wWIRA-HT, increases in tumor perfusion
and hyperemia [i.e., locally increased amount of intravascular blood and O,-carrying
hemoglobin] outlast the time period needed for the subsequent radiation therapy in
the thermo-radiotherapy schedule [6]. In addition to radiosensitization, the increase
in blood flow may foster the delivery of blood-borne anti-tumor immunity, i.e., the
purposeful accumulation of immune cells, antibodies, and cytokines within the
heated tumor mass combined with an upregulation of immunogenic cell surface
ligands, such as non-classical (e.g., MICA/B) and classical major histocompatibil-
ity complex antigen (MHC) molecules [7].

Intratumor trafficking of anti-tumor immune cells, delivery of antibodies, and
anti-tumor cytokines may additionally be supported by hyperthermia-induced
increases in microvascular permeability which promotes the diapedesis of immune
cells and extravasation of anti-tumor cytokines.

10.3 Mild Hyperthermia Can Attenuate Tumor Hypoxia,
a Potent Suppressor of Anti-Tumor Immune Reactions

Tumor hypoxia, i.e., the critically reduced oxygenation of cancer cells and of the
TME with oxygen tensions <10 mmHg, is one of the hallmarks of cancers [8].
Tumor hypoxia is a consequence of an impaired oxygen supply due to (a) perfusion-
limited delivery, (b) diffusion-limited availability, and (c) hypoxemia (i.e., reduced
O, transport capacity of the blood in anemic patients or HbCO formation in heavy
smokers) [9]. Further details of the various pathogeneses, classifications, time
frames, spatial and temporal distributions/heterogeneities of hypoxic subvolumes,
variability in the extent (severity) of hypoxia, and consequences of tumor hypoxia
have been described elsewhere [10, 11].

Apart from driving malignant progression of primary cancers, firstly described
by Hockel and Vaupel, [11-13], hypoxia can lead to acquired resistance in radio-
and chemotherapy. Furthermore, hypoxia (and/or upregulation of HIF-1a) distinctly
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impairs immune cells (derived from the TME) exerting effective anti-tumor immune
responses (immune hallmark of cancer) [14] while facilitating immunosuppressive
cells in terms of their suppressive functions, thus inducing immune tolerance and
immune escape (for recent reviews, see [15-19]).

Figure 10.1 schematically illustrates the effects of tumor hypoxia on key immune
cell populations. In general, hypoxia negatively impacts the survival and functions
of antigen-presenting cells (APCs) and effector cells and decreases the release of
effector and proliferative cytokines [e.g., interferon-y (IFN-vy), interleukin 2 (IL-2)],
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Fig. 10.1 Simplified flow chart describing the supportive impact of tumor hypoxia (with patho-
geneses and some characteristics) and HIF-1a on immunosuppressive measures (left), and com-
promising effects on anti-tumor immunity (right). Mild hyperthermia with tumor temperatures of
39 °C—43 °C can lead to a reversal of tumor hypoxia through improvements in the oxygen supply
triggered by increased tumor blood flow upon tissue heating
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while supporting immunosuppressive cells and promoting the production of immu-
nosuppressive cytokines (e.g., transforming growth factor-p). Besides these mecha-
nisms, several immune checkpoint molecules are regulated by hypoxia (e.g., PD-L1)
and thus contribute to immune evasion. Tumor hypoxia can be reversed by mild
hyperthermia (tT = 39—43 °C) via heat-induced increases in tumor blood flow and,
in turn, enhanced oxygen supply, as shown in this simplified flowchart.

In more detail, hypoxia (and upregulated, stabilized HIF-1a) dampens anti-
tumor immune responses by (a) reducing the survival as well as the cytolytic and
migratory activities of effector cells [e.g., CD4* T helper cells, CD8* cytotoxic T
cells, natural killer-like (NK-T) cells, and natural killer (NK) cells; Fig. 10.2a]; (b)
reducing the production and release of effector cytokines [e.g., granzyme B, perfo-
rin, IFN-vy]; (c) impairing the differentiation and function of APCs [e.g., dendritic
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Fig. 10.2 Detailed mechanisms of hypoxia- (HIF-1a-) induced immunosuppression in cancers
(a), and improved anti-tumor immune responses upon reversal of tumor hypoxia triggered by mild
hyperthermia, HT (b). Green arrows: activation, red T-bars: inhibition. 7BF tumor blood flow
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Fig. 10.2 (continued)

cells (DCs), Langerhans cells in the epidermis of the skin]; (d) driving immunosup-
pressive cells [e.g., regulatory T (Treg) cells, myeloid-derived suppressor cells
(MDSCs) and tumor-associated M2-macrophages (TAMs)]; (e) increasing the pro-
duction and release of immunosuppressive cytokines (e.g., IL-10); and (f) upregulat-
ing of the expression of immune checkpoint inhibitors (e.g., PD-L1, [19]).

10.4 Metabolic Reprogramming Impacts Anti-Tumor
Immune Responses: Role of Mild Hyperthermia?

Another hallmark of cancer cells is metabolic reprogramming [8]. A major meta-
bolic pathway of this phenotype is aerobic glycolysis (Warburg effect), which is
characterized—inter alia—by a high lactate™ and H* (proton) output/export into the
TME [20, 21], finally leading to an extracellular lactate accumulation (up to 40 mM)
and tissue acidosis (pH <6.8). Both conditions constitute major inhibitors of
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anti-tumor immunity, i.e., cancer cells utilize this detrimental microenvironment to
escape from anti-tumor immunity. Acidification of the microenvironment and high
lactate™ levels can thwart anti-tumor immune responses by (a) compromising, e.g.,
the proliferation and activity of CD8* and CD4* T cells, DCs, NK and NK-T cells,
and the release of immuno-stimulatory TH-1 type cytokines, and by (b) activating
the immuno-suppressive effects of Treg cells, MDSCs, and M2 macrophages,
increasing the expression of immune checkpoints inhibitors and promoting the
release of TH-2 type cytokines [22, 23].

Based on current knowledge, shaping anti-tumor immune responses by targeting
metabolic reprogramming or signaling pathways using mild hyperthermia
(tT =39-43 °C, 60 min) has not been investigated so far. Earlier experiments using
fast-growing rat tumor isotransplants exposed to localized hyperthermia
(tT =43.4 °C for 120 min) led to a reduction of the laser Doppler flow rate of 18%,
a minimal drop of the average pO, values (ApO, = —1 mmHg), a decrease in mean
pH (ApH = —0.21 units), and an increase in the mean tissue lactate™ concentrations
(AC = +8 mM) [24, 25]. These findings question the role of mild-to-moderate
hyperthermia for 2 h on the Warburg effect and its impact on anti-tumor immune
responses, at least in this experimental setting.

10.5 Mild Hyperthermia Augments the Synthesis of
Heat Shock Proteins (HSPs) and Increases
Tumor Antigenicity

10.5.1 Heat Shock Proteins (HSPs) in Normal and Tumor Cells

Mild hyperthermia (tT = 39-43 °C) in combination with X-ray irradiation increases
the formation of reactive oxygen species (ROS), promotes genomic instability, and
impairs the DNA double-strand break repair [26]. Moreover, fever-like temperatures
interfere with pathways involved in cell cycle regulation and proliferation and can
cause protein denaturation and aggregation. Therefore, after exposure of cells to heat
generally reduces the synthesis of proteins, apart from that of a special class of pro-
teins, termed heat shock (HSPs) or stress proteins, which consist of at least one ATPase
domain and a substrate-binding domain. Apart from thermal stress, their synthesis is
also strongly upregulated upon a large variety of different environmental stress factors
including changes in oxygen supply, pH, nutrient deficiency, heavy metals, ethanol,
radiation (UV, ionizing), cytostatic drugs, hypoxia, and re-oxygenation, etc. [27].
HSPs maintain protein homeostasis, assist protein transport under physiological con-
ditions (e.g., cell proliferation, differentiation, maturation, antigen presentation), and
protect cells from lethal damages induced by stress. The biological relevance of HSPs
is documented by their ubiquitous distribution, high abundance, and conserved
sequence homology in prokaryotic as well as eukaryotic cells.

Normal and tumor cells differ significantly in their proliferative capacity and
metabolic demand which is closely related to molecular features of the Warburg
effect [21]. Therefore, rapidly proliferating tumor cells generally exhibit a cytosolic
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overexpression of HSPs which are localized in nearly all subcellular compartments
including cytosol, nucleus, endoplasmic reticulum, lysosomes, endosomes, and
mitochondria [28]. Following environmental stress including elevated temperatures,
hypoxia, chemotherapy, and radiotherapy, the synthesis of all HSPs and especially
that of the major stress-inducible Hsp70 is further upregulated to prevent tumor
cells from stress-induced lethal damages including protein misfolding, denaturation
and aggregation, and transport deficiencies [29, 30]. In contrast to normal cells,
viable tumor cells present a number of HSPs, including Hsp70 on their plasma
membrane [31, 32] via a tumor-specific glycosphingolipid anchorage [33], and
actively release HSPs in lipid micro-vesicles termed exosomes [34].

10.5.2 Role of HSPs in NK and T-Cell-Mediated Immunity

Depending on their intracellular, membrane, or extracellular localization, HSPs ful-
fill different tasks. High cytosolic and mitochondrial HSPs increase the tumorigenic
and metastatic potential of tumor cells and prevent apoptosis, whereas membrane-
bound and extracellular HSPs [35, 36] have been identified as potent stimulators of
the adaptive and innate anti-cancer immune responses. Following cross-presentation
of HSP-chaperoned immunogenic peptides on MHC class I molecules, HSPs sup-
port CD8* cytotoxic T-cell responses [37, 38] with Toll-like, scavenger, and C-type
lectin receptors playing pivotal roles in mediating the uptake of HSP-chaperoned
peptides [39, 40]. In the absence of immunogenic peptides, Hsp70 stimulates the
cytolytic activity of NK cells in a pro-inflammatory (e.g., IL-2, IFN-y) environment
against membrane Hsp70-positive tumor cells. A phase I clinical trial revealed an
excellent safety profile of adoptively transferred, ex vivo Hsp70-activated NK cells
[41], and favorable clinical responses in a phase II clinical study in patients with
advanced NSCLC after radio-chemotherapy [42]. In line with these findings, a mild
heat treatment of tumor cells (including chondro-, osteosarcoma, and liposarcoma)
cells increases the membrane Hsp70 density on tumor cells and thereby enhances
their susceptibility to NK cell-mediated killing [43—45]. In a preclinical colon car-
cinoma model, the beneficial effects of a unilateral applied hyperthermia could be
associated with an increased CD4*/CD8* T and NK cell activity in mice with bilat-
eral tumors, which indicates that local heat to one tumor site has the capacity to
induce abscopal effects [46, 47]. Moreover, local hyperthermia used in combination
with radiotherapy and/or chemotherapy [48—50] enhances the efficacy of both ther-
apeutic concepts and boosts protective anti-cancer immune responses mediated by
CD8* T, NK-T, and NK effector cells.

10.6 Conclusion

Mild hyperthermia (tT = 39—43 °C) increases tumor blood flow and microvascular
permeability, the trafficking of blood-borne immune cells, and the delivery of anti-
bodies and cytokines. In addition, HT-related increases in tumor blood flow are also
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associated with an improvement of the tumor oxygenation status (“reversal of tumor
hypoxia”) which in turn attenuates hypoxia. The complexity of molecular pathways
that coordinate a response to heat is mirrored by diverse cell types that are affected
by hyperthermia including DCs, M1 macrophages, effector T, NK-T and NK cells,
and immunosuppressive TAMs (M2 macrophages), MDSCs and Treg cells, cyto-
kines, and chemokines (Fig. 10.2b). The majority of data support the hypothesis that
temperature shifts in immune cells that may be associated with the application of
localized hyperthermia in cancer therapy could promote long-term protection
against tumor growth via the recruitment of several mechanisms of the immune
system. Furthermore, mechanistic insight into the immune-protective nature of mild
hyperthermia has revealed new avenues to exploit the immunostimulatory activities
of thermal stress in the context of cancer therapy.
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Abbreviations

DGHT  Deutsche Gesellschaft fiir Hyperthermie (German Society for
Hyperthermia)

ECG Electrocardiogram

ESHO  European Society for Hyperthermic Oncology

FRWBH Fever-range whole-body hyperthermia

HR Heart rate
IR Infrared
NIBP Non-invasive blood pressure

RESP Respiration

sCMT systemic cancer multistep therapy

SpO, Oxyhemoglobin (HbO,) saturation (using peripheral pulse oximetry)
T Temperature

WBH Whole-body hyperthermia

11.1 History of Whole-Body Hyperthermia (WBH)

Numerous ancient cultures already knew the beneficial effects of physical heating
of the organism, using hot water baths, hot sand, or hot steam. In the seventeenth
century, the English physician Sir Thomas Sydenham emphasized: “Fever itself is
Nature’s instrument,” making a claim in the controversial discussion whether fever
is just a troublesome symptom to be suppressed or a mechanism of the organism to
stimulate self-healing processes. Before the introduction of anti-inflammatory drugs

S. Heckel-Reusser (D<)
Heckel Medizintechnik, Esslingen, Germany
e-mail: heckel @heckel-medizintechnik.de

© The Author(s) 2022 143
P. Vaupel (ed.), Water-filtered Infrared A (wIRA) Irradiation,
https://doi.org/10.1007/978-3-030-92880-3_11


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-92880-3_11&domain=pdf
https://doi.org/10.1007/978-3-030-92880-3_11#DOI
mailto:heckel@heckel-medizintechnik.de

144 S. Heckel-Reusser

and antibiotics, physicians deliberately triggered infections in patients suffering
from incurable life-threatening diseases in order to induce a strong fever reaction.
Julius Wagner-Jauregg was awarded the Nobel Prize in Physiology and Medicine in
1927 for the injection of malarial parasites in the treatment of dementia paralytica.
He also reported improvements in depressive disorders [1]. An association between
febrile response and tumor regression was noted as early as 1866 by Wilhelm Busch,
and independently by Friedrich Fehleisen, who observed cancer remission in
patients afflicted by severe erysipelas [2]. A similar case report on a complete remis-
sion of a sarcoma encouraged the American surgeon W.B. Coley to intravenously
inject a mixture consisting of Streptococcus erysipelas and Bacillus prodigiosus.
“Coley’s toxins” achieved remissions in refractory progressing malignant diseases.
Meanwhile, Coley is acknowledged as the “father of anti-cancer immunotherapy”
[3]. Until the 1960s, “active fever therapy” using pyrogenic drugs (e.g., Pyrifer,
Pyrexal, Vaccineurin) as well as whole-body hyperthermia, defined as physical
warming of the organism, were widely accepted as a medical therapy. “Hot fever
baths” were comprehensively described as a treatment for infectious and inflamma-
tory diseases [4, 5]. In 1960, Martin Heckel [6] presented the first whole-body
hyperthermia (WBH) device which used near-IR as an alternative to hot water baths.
From 1965 onwards, Manfred von Ardenne [7] developed the concept of “systemic
cancer multistep therapy” (sCMT), including extreme whole-body hyperthermia.
Initially, using a special two-chamber water bath, he later changed to the application
of wIRA and developed the first WIRA-WBH device. While interest in hyperther-
mia in oncology focused more and more on local forms of application,
Klaus L. Schmidt [8] published a monograph on “Hyperthermia and Fever” in 1975
which included a comprehensive literature review on the therapeutic application of
WBH in infections, allergic, and rheumatic diseases.

11.2 Three Levels of Whole-Body Irradiation (WBH)

WBH, defined as physically induced elevation of body core temperature, ranges
from short, mild heat applications that can be performed at home, up to extreme
WBH which must be performed in an intensive care unit environment. A classifi-
cation of WBH into three levels has been published in the Guidelines of the
“Deutsche Gesellschaft fiir Hyperthermie” (German Society for Hyperthermia)
[9] (Table 11.1).

Notably, this classification is not applicable for local/regional hyperthermia,
where “mild HT” includes temperature elevations from 39 °C to 43 °C. Even in the
WBH literature, the term “mild” has frequently been used for temperature eleva-
tions that are classified here as moderate, resp. fever range.

Temperature limits between the three WBH levels are given just for orientation
since they are subject to individual variations. The initial body core temperatures of
patients differ significantly (reference range: 36.0 °C-37.5 °C), and it is not known
whether the absolute value of the body core temperature achieved, or the relative
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value of the temperature increase compared to the baseline temperature is more
important for the therapeutic effect.

11.3 Practical Implementation, Mechanisms
of Action, Indications

11.3.1 Mild WBH

During the first phase of WBH, the temperature of the body shell is elevated up to
the level of the core temperature which is a temperature increase of several degrees
in the extremities (Fig. 11.1). The duration of this phase is individually most hetero-
geneous, generally ranging between 10 and 20 min, in rare cases even up to 30 min.
The same goes for the speed of the following increase in body core temperature. For
mild WBH, the heating of the body can be stopped as soon as the patient feels
uncomfortable due to the initiation of thermoregulatory stress. The duration of the
following heat-retention phase—with activation of the parasympathetic system—
ranges from 30 to 120 min. Data on duration—efficacy relationships are currently not

32°

28°

M @) @)

Fig. 11.1 (1) Temperature fields of body shell (skin, extremities) and of body core (with radial
and axial temperature gradients in a 20 °C environment, (2) expansion of the core temperature in a
35 °C environment, (3) mild whole-body hyperthermia. Modified from [10]
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available. A total treatment duration of 90 min is recommended as this allows for a
new assignment of the treatment station every 2 h.

The primary physiological effects of mild WBH are a decrease in the tone of
skeletal and smooth musculature, and an increased perfusion in the periphery
including the extremities. This might be especially important for bradytrophic tissue
which has been damaged by degenerative diseases.

Indications of mild WBH include diseases of the musculoskeletal system (e.g.,
chronically raised skeletal muscle tone, especially chronic back pain, post-accident
care, degenerative osteoarthritis, fibromyalgia (see Chap. 19, this book), arterial
hypertension [11]), systemic scleroderma [11], and Raynaud’s syndrome [12].

11.3.2 Fever-Range Whole-Body Hyperthermia (FRWBH)

After reaching a core temperature in the fever range, most patients find the treat-
ment exhausting, but nevertheless an “interesting” body experience. The nurse will
assist this situation by empathic communication, application of cold cloths on the
forehead, and similar procedures. Patients can listen to music and even watch videos
for distraction. Interestingly, the development of thermoregulatory stress is not
directly correlated to the rise of core temperature and may suddenly increase and
decrease in spite of steadily increasing temperature. After reaching the target tem-
perature level, the wIRA radiators can be switched off and the patient be covered by
a blanket and remaining in the tent or wrapped into the tent fabric allowing for a
half-sitting position (Heckel device) or the intensity of wIRA irradiation is decreased
while the patient keeps lying on the net (Iratherm device). During this plateau phase,
body core temperature in most patients rises for another 0.2—1 °C without further
increase in stress. The duration of this phase is often 60 min, but can be prolonged
as long as it is tolerable for the patient.

Clinical protocols of long-duration fever-range WBH (FRWBH, 4-6 hours above
39 °C) require sedation of the patients. These protocols have demonstrated safety
and suggested efficacy in combination with chemo- and immunotherapy [13-15]. In
the latter cases, “WBH may have the great advantage of allowing treatment of
widely disseminated tumors in metastatic patients, with the same HT” [16].

At the end of heat retention, when all insulation or further energy supply is ter-
minated and the thermoregulatory cooling mechanisms are no longer counteracted,
most patients feel immediately well and free of stress, even if the temperature has
not yet started to decline. The stress is obviously not caused by the increased tem-
perature itself, but by the impeded thermoregulation.

The requirements for monitoring of vital parameters and the staff specifications
are listed in Table 11.1 and are comprehensively described in the WBH guidelines
of DGHT [9] (Fig. 11.2).

The concept of fever-range WBH (FRWBH) is mainly based on the assessment
of elevated body core temperature as an essential trigger for initiating a strongly
activated immune response. While in cold-blooded animals, elevation of body core
temperature occurs by movement to warmer environments, warm-blooded creatures
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Fig. 11.2 FRWBH treatment, documented in the software Febrodata®, Heckel Medizintechnik
(Esslingen, Germany). Blue curve: T rectal, starting at 36.8 °C and reaching 39.4 °C after 90 min.
Heat-retention phase (90th to 145th min). Cool-down phase (145th—170th min). Red curve: heart
rate (min. 65/minute, max. 120/minute). Pink spots indicate sporadically measured blood pressure
(min. 110/78 mmHg, max. 115/82 mmHg)

develop a fever. Even if fever, as a response to infection, cannot be equated with
hyperthermia as a physical heating of the body, FRWBH can strongly activate innate
and adaptive immune responses. Interestingly, fever temperatures can also promote
anti-inflammatory effects in case of chronic inflammation and autoimmune diseases
[17]. To simplity, it could be considered as a “reset of the immune system” to over-
come chronic pathologic dysfunctions correlating with too high or too low immune
activity. Numerous preclinical studies have confirmed the therapeutic potential of
controlled increases in body core temperature and have gradually examined the
underlying biological mechanisms [18, 19].

Indications for FRWBH include major depression (see Chap. 12, this book),
chronic inflammatory diseases of the muscolo-skeletal system such as ankylosing
spondylitis and psoriasis arthritis (see Chap. 20, this book), and additive use in
oncology (see Chap. 8, this book). FRWBH may increase the efficacy of antibiotic
drugs in the treatment of chronic Lyme disease [20] and stimulate anti-bacterial
immune responses.

11.3.3 Extreme Whole-Body Hyperthermia (WBH)

Extreme WBH is an intensive care application under deep intravenous anesthesia
and requires comprehensive preparation, extensive monitoring of vital parameters,
and a careful follow-up directly upon treatment [9, 21]. Risks of side effects are
considerably higher than in FRWBH, since the set body core temperature is far
beyond the range of fever which is developed in humans regarding immune reac-
tions to common infections. Moreover, specific skills and experience in visual mon-
itoring of the skin and in positioning of the patient are required to minimize the risk
of thermal skin damage. Extreme WBH has been used to directly damage malignant
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cells in the oncological setting and to fight bacteria and viruses in chronic infection.
In 1965, M. von Ardenne introduced extreme WBH as a key element of his “sys-
temic cancer multistep therapy (sSCMT),” consisting of the three main steps: (a)
extreme whole-body hyperthermia (maximum temperature of at least 42 °C), (b)
induced hyperglycemia, and (c) respiratory hyperoxemia. Hyperglycemia was
applied in order to render cancer cells selectively more heat sensitive, by lowering
the pH values in the cancer tissues. In 1974, the concept was extended by including
a chemotherapy protocol adapted to the respective tumor entity [7, 22, 23]. Since
hyperglycemia may stimulate cancer growth [24], it must be carefully considered
whether this growth-promoting effect is fully excluded if applied in the framework
of sSCMT.

From the mid-1990s until 2005, numerous phase I and II trials with extreme
WBH were published, most of them with target temperatures between 41.5 °C and
41.8 °C, combined with chemotherapy. Interest in this therapeutic schedule rapidly
declined thereafter. A recently published review presents an excellent overview on
these publications, concluding that “as modern oncology offers many less invasive
treatment options, it is unlikely WBH will ever find its way in routine clinical care”
[25]. On the other side, promising results in the above-mentioned trials may justify
further research in this field, and extreme WBH should not completely be excluded
as a therapy option for patients not satisfyingly responding to modern standard
therapies.

In 2018, Douwes [26] published the concept of “antibiotically augmented ther-
mal eradication of chronic Lyme disease,” combining extreme WBH up to 41.6 °C
and antibiotics, based on the heat sensitivity of Borrelia and the temperature-
dependent efficacy of antibiotics [20]. Results in 601 of 809 patients treated in the
past 3 years were “very good” or “good” (data presented at the ESHO Annual
Meeting, Berlin 2018) [27].

11.4 Contrary Effects of WBH on Blood Flow of Inner Organs
and Body Periphery

Regarding the impact of all WBH levels on blood flow, a widespread misunder-
standing needs to be addressed. Contrary to general assumptions, WBH does not
necessarily increase perfusion in the whole organism. In contrast, the thermoregula-
tory response on passive heating of the body includes a shift of large blood volumes
into the periphery in order to cool the body by increased heat transfer and subse-
quent heat release to the environment supported by evaporation/perspiration.
Consequently, blood flow through inner organs can be decreased. Deja et al. [28]
reported a significant decrease in liver perfusion during extreme WBH in approxi-
mately 50% of the treatments. In a self-experiment conducted in 2009 (S. Heckel-
Reusser), these basic mechanisms were tested during FRWBH. Liver blood flow
was measured directly before and immediately after WBH when the rectally mea-
sured body core temperature reached 39 °C. In this experiment, liver perfusion
immediately after WBH was 70% of the baseline value measured before WBH
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(personal communication, Dr. J. Gellermann, Charité University Hospital, Berlin).
A few weeks later, the same measurements were repeated before injection of a pyro-
genic drug (Coley’s toxin), and 3 h later, when fever temperature had reached
39 °C. As expected, there was no difference in liver perfusion. By administration of
Coley’s toxin, the temperature setpoint was shifted to >39 °C and body core tem-
perature thus increased in order to achieve this elevated setpoint. Consequently,
thermoregulation did not aim at any cooling of the organism and no blood redistri-
bution from the core to the periphery was observed. In contrast, the perfusion of
inner organs might decrease during WBH. This must be taken into account for the
timing of medication, e.g., in case of combined thermochemotherapy in the treat-
ment of liver metastasis.

11.5 Currently Applied WBH Techniques

Techniques applied for therapeutic WBH include extracorporeal blood heating,
water immersion, 27 MHz short waves, long-wave IR irradiation in a chamber with
almost 100% humidity, IR A/B (“near IR”), and wIRA irradiation [29, 30].

In 2010, Jia et al. [29] listed four commercially available medical WBH devices
“for high-performance whole-body hyperthermia therapy”: ET Space (Energy
Technology, Shenzhen, China), IRATHERM 1000 (von Ardenne Institute of Applied
Medical Research, Dresden, Germany), heckel-HT3000 (Hydrosun Medizintechnik,
Miillheim, Germany), and Oncotherm WBH2000 (Oncotherm, Budaors, Hungary).
Currently, only the heckel-HT3000 and IRATHERM1000 (in addition, a slightly
modified model IRATHERMS00 just for mild WBH) are commercially available.
wIRA irradiation penetrates deeply into the subcutis, followed by (mainly) convec-
tive transport of the absorbed heat energy to all regions of the body by blood flow.
At the same time, heat dissipation to the environment is impeded by a tent tempered
with IR-C (heckel-HT3000) or by an insulating blanket (IRATHERM). Both tech-
niques have proven high treatment tolerability and patient compliance. The main
features of these two devices and of heckel-HT2000 (which was available until
2006 and is still in use in many clinics) are listed in Table 11.2.

11.6 Contraindications and Side Effects

There are no general contraindications for mild hyperthermia as long as body core
temperature is only slightly increased. However, a good general health condition is
absolutely required for fever-range and extreme WBH. Contraindications of fever-
range WBH depend on the level of temperature increase and are primarily based on
cardiovascular stress and the possibility of unwanted activation of inflammatory
processes and destabilization of unbalanced hormonal and metabolic constellations.
Most important absolute contraindications are cardiac insufficiency (>grade 2),
major internal organ insufficiencies, and peripheral artery diseases. Relative contra-
indications, which must be individually assessed and may require prior treatment,
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include cardiac arrhythmias, acute infections, major lymphedemas, high risk of
thrombosis, and erratically progressive diseases (e.g., multiple sclerosis). In case of
inflammatory diseases manifesting in exacerbations, such as progressive primary
chronic polyarthritis, WBH is generally applied in the subacute phase, based on the
concern of an unintended stimulation of acute inflammatory activities. This para-
digm may be controversially discussed in view of new findings on direct anti-
inflammatory effects of FRWBH, as described by Lee [17].

A most common side effect of fever-range WBH in almost all patients is a feeling
of restlessness due to the strain on the central thermoregulatory system. Headache
may indicate a minor dehydration.

IR-WBH, and especially wIRA-WBH, decreases the thermal load to the skin
surface compared with conductive HT techniques and, thus, can significantly
improve treatment tolerability and patient compliance. Paradoxically, this intended
effect of energy absorption in deeper skin layers increases the risk of thermal skin
damage in areas with circulatory impediments [23]. The technical design and pro-
cedure of wIRA-WBH deliberately prevent heat dissipation to the surroundings. At
the same time, disturbed blood perfusion can diminish the intended convective heat
transfer from the periphery to the core, in rare cases leading to thermal skin damage.
The heckel-HT3000 is designed in a way that the area irradiated with wIRA is free
of any compression and fully accessible for visual inspection and countermeasures
in case of the development of hot spots.

In detail, contraindications and side effects are listed in the WBH guidelines of
DGHT [9]. It has to be emphasized that the performance of extreme WBH treat-
ments requires a comprehensive training in experienced centers in order to decrease
the rate of side effects, the latter decreasing significantly with experience [31].

11.7 Conclusion and Outlook

Given the growing importance of immunotherapies in oncology, rheumatology, and
other indications of chronic inflammation, it is worth considering the concept of
WBH. Modern WBH techniques using wIRA have been proven to be safe, feasible,
and well tolerated. Nevertheless, there is a general need to enhance the level of evi-
dence by documenting treatment outcome data of routine use and by conducting
controlled clinical trials.
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12.1 Hyperthermia, Fever, and Mental Health

Depressive disorders have significant medical, social, and economic impact [1]. On
the one hand, a significant proportion of individuals with mental illness do not have
access to specific treatment, and on the other, those who seek help are frequently
interested in more natural therapies. A recent critical assessment of conventional
pharmacological treatments for depressive episodes has indicated that approxi-
mately 30% of patients with depressive episodes do not respond to conventional
antidepressant medication or develop side effects [2]. Effective new treatments are
therefore urgently needed in psychiatry.

Early written records by Galen of Pergamon (personal physician of Marcus
Aurelius, approximately 129-201 B.C.) described the application of therapeutical
heat in form of hot baths for the treatment of melancholia. In the early nineteenth
century, it was assumed that an impulse to the autonomous nerve system could lead
to alterations in the metabolic system, relaxation, and better sleep. In the first half of
the twentieth century, “malaria fever cure” was first used by Wagner-Jauregg and
Rosenblum for patients with psychiatric symptoms related to syphilis and later for
non-syphilitic psychoses. In addition, warm full baths, hot wet packs, and other
forms of hydrotherapy have been used to treat agitation, before being replaced by
pharmacotherapy [3, 4].

12.2 Whole-Body Hyperthermia (WBH)
for Psychiatric Symptoms

Beneficial effects of WBH on mood and quality of life have repeatedly been
observed during and after treatment in various fields of medicine, including rheu-
matology, orthopedics, and oncology. The significant improvement in depressive
symptoms induced by WBH in patients with cancer has been correlated with
increases in plasma p-endorphin levels [5].

Recently, WBH has received renewed attention in the context of treating mental
health issues, with several studies investigating potential effects and clinical appli-
cations, especially for patients with depressive symptoms. Most importantly, a ran-
domized, double-blind, and sham-controlled trial delivered by Janssen and
colleagues [6] has reported a significant, rapid, and partially lasting reduction of
depressive symptoms in non-medicated patients with major depressive disorder
(MDD) following a single session of WIRA-WBH using a Heckel-HT3000™
(Hydrosun Medizintechnik, Miillheim, Germany). In 17 out of 34 patients, body
core temperature was increased to 38.5 °C (active treatment condition, within
107 min, followed by a heat-retention phase of 60 min, during which the patients
achieved a mean maximal body core temperature of 38.9 °C, i.e., a mean increase
of 1.9 °C). Depressive symptoms which were assessed 1, 2, 4, and 6 weeks after
WBH using the Hamilton Rating Scale for Depression (HAMD) were significantly
reduced (4 points on HAMD scale) from week 2 to week 6 after treatment, when
compared to sham treatment (see Table 12.1).
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Table 12.1 HAMD scores during follow-up after wIRA-WBH vs. Sham intervention (modified
from [6])

HAMD mean score (SD) HAMD mean score (SD)
WBH Sham

Baseline 20.71 (4.87) 22.75 (4.42)

Week 1 (post-intervention) 14.80 (5.40) 20.86 (3.33)

Week 2 12.67 (6.78) 18.71 (3.17)

Week 4 12.93 (4.92) 17.79 (4.06)

Week 6 12.40 (5.45) 17.21 (4.78)

A preceding open clinical trial by the same group [7] was based on findings which
demonstrated that WBH and the selective serotonin reuptake inhibitor citalopram
independently increased body temperature and acted synergistically to induce antide-
pressant-like behavioral responses in a rat model of depression [8]. Hanusch et al. [7]
have reported that a single session of mild-intensity WBH, using a Heckel-HT2000™
near-infrared WBH device to increase body temperature (average maximum body
core temperature 38.4 °C, i.e., an increase of 1.2 °C; mean session time 127 min)
resulted in a rapid and sustained reduction in depressive symptoms (CES-D score
before treatment: mean = 29.9 [SD 10.6], 5 days after treatment: mean = 19.2 [SD
12.3], t =5.53, df = 15, p < 0.001, effect size = 1.13) in 16 patients with MDD, with
WBH-induced reductions in the mean circadian body core temperature correlating
with reduced CES-D scores 5 days after treatment. Interestingly, they observed no
significant treatment response in patients treated with selective serotonin reuptake
inhibitor (SSRI).

A quasi-experimental, observational study of fibromyalgia by Romeyke et al. [9]
found that the integration of WBH into a multi-modal inpatient pain therapy regime
appeared to improve depressive symptoms (p = 0.055, comparing multi-modal ther-
apies with and without WBH; patients in both groups numerically improved from
admission to discharge). This study used a Heckel-HT2000™ device targeting a
body core temperature of 38.5 °C for 50 min (followed by 60 min rest) with an aver-
age of 4.9 sessions per patient. However, it should be noted that the 103 subjects
included in this study were suffering from severely progressive forms of fibromyal-
gia syndrome with a high degree of chronicity and multiple comorbidities and had
received multiple therapies including psychotherapy.

Studies have also assessed the effects of WBH using hot baths instead of
IR-heating. A communication by Schaper [10] described the antidepressant effects
(HAMD-17) of weekly hyperthermic baths (n =4 to 13, depending on the length of
their in-patient stay with an average maximum body core temperature of 38.4 °C
and an increase of 1.7 °C) in 20 patients with unipolar depression or bipolar disor-
der. Statistically significant reductions in depression were seen after the second ses-
sion and during the second week of treatment. Godl and Glied [11] also reported on
results from a study involving weekly WBH treatments of 10 patients in hot tubs for
6-8 weeks with an average maximum body core temperature of 39.3 °C and an
average increase of 2.3 °C. At the end of the treatment phase, 50% of all included
subjects were below the cutoff for a diagnosis of depression. However, baseline
HAMD scores were not obtained, since heart rate variability was chosen as the main
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outcome measure. In another study involving 17 patients with confirmed depressive
disorder (ICD-10: F32/F33), WBH in hot tubs (twice a week for 4 weeks) signifi-
cantly reduced depression (HAMD) after four interventions compared with patients
in the sham condition. In this study, water was heated to 40.2 °C, and participants
spent, on average, 22.6 min in the tub, followed by 33.2 min rest [12].

Taken together, these studies indicate that WBH treatment is generally well toler-
ated with reported side effects during treatment being tachycardia, restlessness, and
agitation, as well as emotions such as anger, sadness, or insufficiency. After treat-
ment, participants often exhibited short and complete remitting symptoms such as
headaches, nausea, ringing in ears, insomnia, vertigo, reduced libido, or areas of
hypesthesia in extremities [13].

12.3 Mechanisms of Action of WBH

Depressive disorders are characterized by an altered mineralocorticoid receptor
(MR) response, often increased cortisol levels, as well as serotonergic alterations
including a down-regulation of 5-HT, receptors, and increased binding of 5-HT,,
receptors in the hippocampus [14, 15]. It is also known that serotonergic (5-HT,)
receptor function and SSRI administration influence temperature and hormone
responses [16]. Hyperthermic interventions may modify the release of serotonin in
the raphe nuclei via functional transient receptor potential (TRP) channels (see
Fig. 12.1). Transient receptor potential ankyrin 1 (TRPA) and vanilloid 1 (TRPV))
receptors are implicated in the sensation of pain, temperature, inflammation, and
cough. TRPA, is activated by temperatures below 17 °C, TRPV, (capsaicin recep-
tor) by temperatures above 43 °C. TRPA, and TRPV, are often co-expressed in
neurons. Consequently, the formation of functional TRPA;-TRPV, tetramers
imparts unique activation profiles, presumably altering the release of serotonin [17].

In summary, WBH may activate warm-sensitive afferent thermosensory path-
ways and affect mood-regulating neural activity in the midbrain, including nuclei
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Fig. 12.1 Assumed mechanisms of action of WBH (according to Hanusch, unpublished)
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implicated in serotonergic neurotransmission, and thereby elicit antidepressant-like
effects as well as thermoregulatory cooling (reduced circadian body temperatures).

The immune hypothesis of depression describes a connection between a chronic
subclinical stimulation of the immune system and the development of depression
and other mood disorders [18]. There is evidence that at least in subgroups of
patients with clinical depression, levels of pro-inflammatory cytokines are elevated
during negative mood states and that treatment responses may be related to immune
changes, including a decrease in pro-inflammatory markers. Levels of C-Reactive
Protein (CRP), IL-1, IL-6, and TNF-a have consistently been reported to be
increased in depressed patients [19, 20]. WBH activates or modulates the immune
system in a reproducible manner [13], and therapeutic hyperthermia and fever have
been associated with a variety of immunological reactions which can be exploited
for the treatment of cancer, but which might also have positive therapeutic effects in
clinical depression, and the course of at least some forms of depression that are
characterized by a chronic subclinical activation of pro-inflammatory cytokines [21].

12.4 Current Research

Three randomized, double-blind, and (sham-) controlled clinical studies are cur-
rently being conducted by our groups in Berlin and Essen (Germany). Studies are
based on the hypothesis that WBH is a fast-acting non-medical stimulation treat-
ment against depressive symptoms which is well tolerated and improves quality of
life. Overall, we are focusing on generating safety and tolerability data and attempt-
ing to confirm if WBH improves depressive symptoms and whether antidepressants
influence treatment response and possible side effects. We are also monitoring
immune parameters in the serum of patients to detect (subclinical) immune activa-
tion and possible changes after WBH and their potential correlations to clinical
response.

12.4.1 Patients and Methods

In contrast to Janssen et al. [6], our new studies include patients with and without
psychopharmacological treatment. The study protocol in Essen compares two dif-
ferent patient groups with depression. The diagnosis of MDD (as an inclusion/
exclusion criterion) is undertaken using the MINI interview in version 7.0.2, and the
severity of the current state of depression is determined using the Hamilton
Depression Scale (HAMD-17). The first group of patients consists of patients with
mild or moderate depression (HAMD-17 Score >17) who are treatment naive or do
not currently receive any antidepressant medication. The other group includes
patients with moderate-to-severe depression who are non- or only partial responders
to standard pharmacological treatment according to current S3 guidelines for unipo-
lar depression [22]. In each subgroup, patients are randomized to either a treated
group receiving two treatments with WBH in 2 weeks, or an untreated group as
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controls. For inclusion, patients have to present in a good physical status and have
to be free of conditions resulting in an immune-suppressed state at the time of par-
ticipation. Exclusion criteria are other severe psychiatric comorbidities, relevant
somatic disorders, acute suicidality, and prior treatment with WBH. All patients are
examined and rated by an experienced psychiatrist who confirms diagnosis and esti-
mates the severity of depression. Response, safety, and efficacy are assessed using
expert-rated clinical scales for depression, as well as self-rating instruments (Beck
Depression Inventory, Multidimensional Fatigue Inventory, Perceived Stress Scale,
Short-Form-Health Survey). To verify the presence of short-term effects of WBH,
we distributed a questionnaire that had to be completed within 3 days after treat-
ment. Clinical outcome variables were assessed at weeks 1, 3, and 6 by an experi-
enced psychiatrist who is blinded to the treatment group of the patients. Blood
samples were taken at the time of inclusion, at weeks 1, 3, 6, and 12 and stored
frozen until the measurement of specific biomarkers (e.g., TNF-a, SICAM-1, hsCRP,
IL-6). For the second patient group who have previously received pharmacological
treatment, changes in medication or acute pharmaceutical interventions were
allowed as clinically required in both the treated and untreated control groups. Any
alteration or influence on the participant by medication was recorded in the study
protocol. Determining the primary study endpoint after 6 weeks was selected to
enable effects to be compared with those reported in the study of Janssen et al. [6].

In contrast to the Janssen study [6], patients received two applications of WBH
in the first 2 weeks of the trial. During wIRA-WBH (Heckel HT-3000™ device), the
body core temperature was raised to 38.5 °C (peak temperature), followed by 1 h of
heat congestion. This process was monitored and vital signs such as blood pressure,
heart rate, blood oxyhemoglobin (HbO,) saturation, and body core temperature
were recorded. One treatment of WBH is considered complete when the partici-
pant’s vital parameters return to a normal state. Control subjects in the control group
had the option to receive WBH after their 6-week observation period.

12.4.2 Preliminary Results and Clinical Experience

According to our experience, close support and care is crucial for a successful WBH
session in order to provide the patient with a sense of safety and empowerment. For
a successful implementation of the procedure, it was also necessary to inform par-
ticipants of the opportunity to interrupt the process of hyperthermia at any stage. We
especially recognized that some patients require mental or emotional support when
approaching a core temperature of 38.5 °C. Finally, because thirst was often experi-
enced by participants undergoing WBH, drinking water at room temperature should
be offered. Treatment responses regarding negative mood and further symptoms of
depression are currently being examined.

Preliminary results regarding safety and tolerability are currently available for 34
participants treated in Essen (16 participants were treatment naive, 18 participants
were non- or partly-responders). WBH was well tolerated (physically and psycho-
logically) in most psychiatric patients with or without antidepressant treatment. To
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Table 12.2 Differences in reaching the body core temperature of 38.5 °C between patients with
and without antidepressants (SD standard deviation, SE standard error)

Treatment group  No. of treatments Average time (min) SD  SE
Time to reach 38.5 °C  Not medicated 16 67.1 229 5.7
+ antidepressants 12 83.2 20.5 59

date, the dropout rate, independent of treatment group, has been approximately
20%. In patients who received an antidepressant treatment (moderate-to-severe
depression), the overall dropout rate was 22% compared with 19% in the group of
treatment naive patients (mild-to-moderate depression). For individuals with
moderate-to-severe depression, the dropout rate for the treated and control groups
has been 11%. The dropout rate for treatment naive patients with mild-to-moderate
depression has been 12% in the control group and 6% in the group treated with
WBH. We have also analyzed the average time necessary to reach a body core tem-
perature of 38.5 °C. Overall, a slight difference was observed between the two treat-
ment groups. Medication prolonged time to reach the core temperature of 38.5 °C
(see Table 12.2).

Risk factors for discontinuation of WBH sessions have also been analyzed. Of
the patients with moderate-to-severe depression receiving antidepressant treatment,
33% discontinued WBH treatment, compared with only 11% of the patients with
mild and moderate depression.

No serious side effects of wWIRA-WBH that would have required further treat-
ment have been observed. Side effects that have been noted are related to the physi-
ological body cooling mechanisms and the activation of the sympathetic stress
system. For example, almost all patients experienced a drop in systolic and diastolic
blood pressure resulting in an increase in heart rate which continued until the end of
the warm-up period. Some participants described cardiac palpitations, headache,
increase in respiratory rate, or restlessness. Overall, the risk for adverse effects dur-
ing WBH was increased in individuals having somatic comorbidities (e.g., bron-
chial asthma).

12.5 Outlook to Future Research

In summary, accumulating evidence from new, randomized, and controlled clinical
trials using water-filtered Infrared A (WIRA-) heating shows this to be a well-toler-
ated and effective approach for treating depressive symptoms, with even a single
session being able to improve depressive symptoms [6, 7]. Due to small sample
sizes and a lack of suitable control groups in some studies, more randomized, con-
trolled studies with higher numbers of patients are necessary. As implemented in
our current studies in Essen and Berlin, well-designed sham conditions should
allow participants to experience heat without increasing body core temperature
above 38.0 °C. To reflect a realistic clinical population and allow transfer of study
results to clinical practice, it is necessary to allow and control for antidepressant
medication, since most patients in the psychiatric setting receive multi-modal
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therapies due to the severity and chronicity of symptoms. Evidence, albeit limited,
indicates that a gradual increase in ambient temperature aimed at delivering a body
core temperature between 38 °C and 39 °C followed by 60 min rest while maintain-
ing the temperature is the most effective [13]. Treatment can be repeated in defined
time intervals. Defining subtypes of depressive disorders that are most responsive to
WBH may be important for better predicting who should be offered a hyperthermia
treatment. In this context, examining underlying mechanisms of action is of prime
importance. Since endocrine alterations are a frequent finding in major depressive
disorder [23-26], future research to investigate whether hormones, such as cortisol,
oxytocin, and triiodothyronine/thyroxine (T3/T4), can serve as predictors and indi-
cators of treatment outcomes is warranted. Similarly, as immune effects may play
an important role in major depressive disorder, there is a need for studies investigat-
ing inflammatory markers such as TNF-a, interleukins, or cell adhesion molecules
before and after hyperthermia treatments [27, 28]. Finally, the molecular underpin-
nings of major depressive disorders are only beginning to be understood, and it
would be highly important to unravel which (epi-)genetic signatures are linked with
better treatment outcomes and whether at least some of these could be
changed by WBH.

In conclusion, wIRA-WBH holds great promise as a treatment for depressive
disorders given the findings listed above, especially given its good tolerability.
Hopefully, further studies will help to establish recommended applications of
WBH, e.g., for patients declining antidepressant medication, as a complimentary
treatment for patients that do not, or insufficiently respond to standard therapies, or
as a “door opener” enabling patients to engage in other therapies such as psycho-
therapy, exercising, or medication. At this point, WBH may be considered for indi-
vidual patients unresponsive to standard therapies providing fully informed consent
(“single patient use”). It may be particularly helpful for patients with high psycho-
logical strain and unresponsiveness to well-established therapies or those suffering
from comorbidities known to respond to hyperthermia, after careful consideration
of possible risks.
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13.1 Risk of Hypothermia in Term and Preterm Neonates

Human neonates are at heightened risk of hypothermia. However, contrary to what
is often believed, their propensity to cool down is not, or not merely, due to an
“immaturity” of thermoregulation. In fact, at least term neonates are well adapted to
their small body size by their comparatively high specific (i.e., weight-related) met-
abolic rate and by the ability to produce extra heat in their brown adipose tissue.
Nevertheless, as a result of their relatively large surface-to-volume ratio and the
steeply increasing heat loss with decreasing ambient temperatures, their maximal
thermogenic capabilities are already attained at temperatures which are still deemed
to be comfortable by adults. Moreover, the “invisibility” of non-shivering thermo-
genesis often leads to an underestimation of the thermal stress experienced by neo-
nates with subsequent neglect of thermal care. The risk of hypothermia is even more
pronounced in preterm neonates due to their smaller body size in conjunction with
a true “immaturity” of the thermoregulatory effector systems (lack of both white
and brown adipose tissue, slow increase in basal metabolic rate up to a level appro-
priate for body size, elevated permeability of skin resulting in higher evaporative
water and heat losses) [1-4].

The adverse effects of cold are primarily caused by the combination of dimin-
ished peripheral perfusion (to decrease heat loss) and elevated metabolic rate (to
increase heat production). The imbalance of oxygen supply and demand results in a
metabolic acidosis that triggers pulmonary vasoconstriction and leads to a “vicious
cycle” of hypoxia. The indirect effects of counter-regulation are potentiated by the
direct effects of cold, especially by the impairment of blood coagulation which
contributes to the increased risk of brain hemorrhage in hypothermic preterm
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neonates. Altogether, unintentional (accidental) hypothermia is known to increase
morbidity and mortality in term and even more so in preterm neonates [1, 5, 6]. This
contrasts with therapeutic (induced) hypothermia which has long been used in car-
diac surgery to prevent brain damage during extracorporeal circulation and has now
been established as a neuroprotective treatment for posthypoxic states in both adults
(cardiac arrest) and neonates (perinatal asphyxia) [7, 8]. However, the undisputable
beneficial effects of a cold-induced reduction in metabolic rate are only attained if
thermoregulation is pharmacologically suppressed and are thus completely different
from the potentially life-threatening sequelae of accidental hypothermia to be pre-
vented by appropriate thermal care.

13.1.1 Methods of Thermal Care in Neonatology

To avoid unintentional cooling in term and preterm babies, extensive precautions to
prevent and, where inevitable, replace heat losses are mandatory in clinical neonatology.
In delivery rooms and on neonatal wards, thermal care is basically provided by either
radiant warmers or incubators [2, 3, 9, 10]. In the latter, thermal protection comes from
circulating warm air (heat convection) and, even more importantly, from high satura-
tions of water vapor to reduce evaporation from the newborn’s body surface. In radiant
warmers, heat is supplied/replaced by infrared irradiation. Since radiant heat elicits
evaporation on the body surface, part of its warming effect is instantaneously counter-
acted by heat losses so that, when directly compared, heat radiators are slightly less
effective in supplying heat than humidified incubators. If, however, evaporation is inhib-
ited (e.g., by plastic sheets used to cover the babies), radiant warmers and incubators are
equivalent in their thermo-protective effects [10, 11].

Despite their heating power, radiant warmers are often insufficient to compen-
sate for the huge heat losses occurring in extremely low birthweight neonates during
delivery room care. This could theoretically be counteracted by a corresponding
increase in radiant power density (irradiance). However, conventional radiant warm-
ers have one major drawback which limits their practical use: The low-energy, long-
wave infrared (IR-B and IR-C) radiation they emit has a relatively low depth of
penetration. The accumulation of heat within the outer skin layers not only causes
some thermal discomfort in the caregivers, but also leads to a dependency of the
newborn’s heat uptake on its peripheral circulation [4, 12, 13]. If skin perfusion
were to be greatly reduced (e.g., under conditions of circulatory shock), or if the
irradiance were to be further increased, a local overheating would inevitably result.
In fact, severe cases of burns have been observed after resuscitation of asphyctic
neonates under conventional IR radiators [14].

13.1.2 Aim of the Studies Reported

In view of the aforementioned limitations of conventional radiant warmers, the tech-
nology of water-filtered heat radiators [12], which emit a modified IR-A spectrum and
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should combine an enhanced depth effect with less surface overheating, has attracted
some interest in neonatal care [13]. Several studies which have tested the potential
benefits of water-filtered IR-A (WIRA) irradiation in neonates will be summarized in
this contribution. Briefly, these studies can be subdivided into physical investigations,
conducted to elucidate the particular mode of action of wIRA in comparison with
conventional IR irradiation in agar phantoms, and clinical observations that have been
performed to test the efficacy and safety of either type of heat radiators in human term
and preterm neonates under common hospital conditions.

13.2 Materials and Methods
13.2.1 Physical Investigations

Most of the physical investigations were carried out on agar phantoms like those
used in radiotherapy [12, 13, 15, 16]. Since these are mainly composed of water and
allow direct evaporation from the surface, they have thermal properties somewhat
similar to human tissues, and, more specifically, to preterm neonates. The phantoms
were exposed to either conventional radiant warmers from different suppliers
(DR = Dréger, H&L = Heinen & Lowenstein; F&P = Fisher & Paykel) or to the
water-filtered infrared-A (WIRA) radiator manufactured by Hydrosun. The radia-
tion power density (irradiance) was uniformly adjusted to 30 mW/cm? and the dura-
tion of irradiation amounted to 60 min. Temperature measurements were performed
using customary temperature probes placed within the core and on the surface of the
phantoms. Alternatively, surface temperatures were assessed by infrared thermom-
etry. In addition to the phantom studies, a number of thermographic measurements
were carried out on the skin of healthy adult volunteers.

13.2.2 Clinical Observations

Clinical observations were performed on term and preterm neonates who were
exposed to conventional IR or to wIRA irradiation as an alternative or supplemen-
tary source of heat. They were all in typical clinical settings in which an extra heat
loss could be anticipated (primary care in the delivery room, incubator care in the
intensive care unit, physical examinations on the neonatal ward). Body core and/or
surface temperatures were alternatively measured by customary rectal thermome-
ters, single spot infrared thermometers, or infrared thermography (Nikon
LAIRD-S270). Since the latter often yields rather qualitative results, extra effort
was undertaken to quantify the thermographic records. To this end, a grid of mea-
suring points was laid over the body. By calculating the arithmetic means of closely
adjacent measuring points, a total of four regional temperatures (of head, trunk,
arm, and leg) was obtained which were then weighted according to the relative con-
tribution of the respective regions to the total body surface area. In this way, a mean
body surface temperature was determined (Fig. 13.1).
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Fig. 13.1 Thermographic observations comparing the effects of water-filtered IR-A (WIRA) and
conventional IR irradiation on human neonates during routine examinations. To quantify the
results, a grid of measuring points was laid over the thermographic pictures. Regional temperatures
(e.g., head temperature) were calculated as arithmetic means of several measuring points. The
mean body surface temperature was determined as the weighted mean of regional temperatures
(according to the contribution of the respective regions to the total body surface area)

13.3 Results and Discussion
13.3.1 Physical Investigations

The physical measurements on agar phantoms revealed a surprisingly clear differ-
ence in the effects of WIRA in comparison with conventional IR irradiation: Whereas
with conventional radiators, the surface temperatures at the end of the 60-min irra-
diation period clearly exceeded the core temperatures, the wIRA radiator resulted
not only in an improved central warming, but also in a markedly diminished super-
ficial overheating with the surface temperature being even lower than the core tem-
perature (Fig. 13.2). The central warming effect was uniformly augmented when
plastic sheets were used to attenuate evaporation. However, whereas under conven-
tional IR radiators this related to an excessive increase in surface temperatures, the
surface temperature in the wIR A-exposed phantoms did not reach higher levels than
under conventional irradiation without plastic sheets (Fig. 13.3). From the time
course of the heating process, it became evident that the central warming is pre-
ceded by a superficial accumulation of heat in conventional IR irradiation, with the
heat transfer occurring by ‘“secondary” conduction (in living beings, also by
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Fig. 13.2 Surface and core temperatures of agar phantoms after 60-min exposure to different
types of IR irradiation (30 mW/cm?, means of n = 3, each): Whereas conventional radiant warmers
(Dridger [DR], Heinen & Lowenstein [H&L], or Fisher & Paykel [F&P]) all lead to a much higher
increase in surface than core temperatures, the wiIRA radiator (Hydrosun [HY]) results in a pre-
dominant, and more pronounced increase in body core temperature with markedly reduced sur-
face warming
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Fig. 13.3 Effects of plastic sheets on surface (a) and core (b) warming under different types of IR
irradiation (60 min, 30 mW/cm?, mean of n = 3, each): With the use of a plastic sheet, the increase
in core temperature is more pronounced with all types of irradiation. However, whereas this is
associated with an excessive increase in surface temperature for conventional radiators (DR, H&L,
F&P), the surface temperature for wIRA irradiation (HY) is not higher than for conventional IR
irradiation without a plastic sheet

convection) from the surface to the core (Fig. 13.4). In contrast, the heat seems to be
primarily deposited in deeper “tissue” layers under wIRA irradiation, with the
warming of the surface being due to a back-diffusion of heat rather than to a direct
local effect. Therefore, a comparatively low gradient between the (higher) core and
the lower (surface) temperature is established (Fig. 13.5). In both cases, a leveling
of the surface temperature increase can be observed which indicates a new equilib-
rium between radiative heat uptake and evaporative heat loss, and thus disappears
when evaporation is prevented by plastic sheets.
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Fig. 13.4 Heat transfer under conventional IR irradiation: The graphs represent the time course of
core and surface temperature during a 60-min exposure to conventional IR irradiation without or
with the use of plastic sheets. It is obvious that under conventional IR irradiation, a primary
increase in surface temperature Ts (a) precedes the secondary increase in core temperature T¢ (b),
with the heat transfer occurring by conduction. With the use of a plastic sheet, not only is the
increase in surface temperature much steeper, but also the final leveling off of the surface tempera-
ture is missing (c), probably due to the lacking cooling effect of evaporative water loss
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Fig. 13.5 Heat transfer under wIRA irradiation: The graphs represent the time course of core and
surface temperature during a 60-min exposure to wIRA irradiation without or with the use of plas-
tic sheets. In contrast to conventional IR irradiation (see Fig. 13.4), the increase in core tempera-
ture precedes superficial warming, which thus appears to be due to the back-diffusion of heat from
deeper “tissue” layers. Using of a plastic sheet results in a largely homogeneous warming of outer
and inner parts of the phantom
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Incidentally, in parallel to the weaker surface heating effect, the induction of
evaporation was also seen to be less pronounced in WIRA irradiation. This was
found in complementary studies on either agar phantoms or pieces of meat which
both exhibited an approx. 20-30% smaller loss of water at equal duration of wIRA
exposure compared to conventional IR irradiation.

To further complement the physical investigations, a number of thermographic
measurements were carried out in adult volunteers exposed to a 20-min irradiation
with conventional “baby warmers” in comparison with the wIRA radiator.
Remarkably, with the conventional radiant warmers, an almost painful elevation of
skin temperature by approx. 5 °C was attained at the end of the observation period,
whereas the skin temperature only rose by approx. 2.5 °C with the wIRA radiator
(at equal irradiances).

13.3.2 Clinical Observations

Clinical observations were focused on the changes in body surface temperature or
on the maintenance of core temperature in term and preterm neonates subjected to
either type of IR irradiation.

With regard to the body surface temperature, a thermographic study was per-
formed on neonates who underwent routine examinations at a room temperature of
25 °C (i.e., without extra heat sources), under a conventional radiant heater (Weyer
Ceramotherm 2000) or with the aid of a wIRA radiator (Hydrosun). At “pure” room
temperature, a marked decrease in the mean body surface temperature occurred,
reflecting the peripheral vasoconstriction of thermoregulating newborns. This could
be prevented using radiant warmers, with the mean body surface temperature being
slightly, but significantly higher in the conventional than in the wIRA group
(Fig. 13.6). Although this result was biased by a slightly longer duration of exami-
nations in the conventional IR than in the wIRA group, the study has once more
demonstrated that the two types of IR irradiation differ in their surface effects.
Incidentally, it has also shown that the calculation of a mean body surface tempera-
ture using a mathematical weighting algorithm is a valuable method for quantifying
thermographic records.

With respect to body core temperatures, it was found that the use of two addi-
tional wIRA radiators as supplementary sources of heat did not alter the rectal tem-
perature at the end of delivery room care, but still resulted in a smaller decrease in
body temperature during the subsequent transport to the neonatal intensive care unit
(Fig. 13.7). This implies that the heat deposits built up by wIRA irradiation in the
depth of tissues exert a preventive effect against cooling, whereas the warming
effect of conventional radiant warmers terminates as soon as the newborns are
removed from the heat source.

In addition to these results, it has been shown that wIRA irradiation exhibits a
lower absorption and better transmission rate through incubator walls so that the
risk of heat-induced material damage is lower, and the thermoprotective effect of
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Fig. 13.6 Mean body surface temperature changes in term neonates subjected to routine clinical
examinations without (room temperature, 25 °C) or with either conventional (Weyer) or wIRA
radiators (Hydrosun; 15 mW/cm? in both cases). At room temperature, a marked decrease in the
mean surface temperature is to be observed as an effect of peripheral vasoconstriction. This is
prevented by heat radiators, with the mean body surface temperature for conventional IR irradia-
tion being slightly but significantly higher than for wIRA irradiation
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Fig. 13.7 Effective rectal temperature in preterm neonates after primary care in the delivery room
(a), as compared with the temperature drop occurring during the subsequent incubator transport to
the neonatal intensive care unit (b): Whereas the use of two wIRA radiators (in addition to the
conventional radiant heater) did not lead to a measurable increase in rectal temperature at the end
of delivery room care, the drop in temperature during the transport was significantly lower than
after conventional IR irradiation alone. Apparently, the heat deposits built-up by wIRA irradiation
in deeper tissue layers exert a preventive effect in terms of less subsequent cooling
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wIRA radiators used as a “back-up” to incubator care is superior to that obtained
with conventional infrared “lamps” (Hanau Sollux 750) [13].

13.4 Current Practice and Unresolved Issues

Based on these and other results, wIRA radiators have been introduced on many
neonatal wards over the past few years where they are currently used as a supple-
mentary source of heat for use during procedures which bear a risk of cooling (pri-
mary care in the delivery room, intensive care procedures with opened incubator
doors). The possibility of supplying extra heat without an increased risk of superfi-
cial burns has greatly promoted the acceptance of this novel technology.

In contrast to the short-term use of wIRA radiators, their long-term use in neona-
tal care (as a continuous source of heat) has, however, so far been limited by
two issues:

First, concerns have been raised that near-infrared irradiation might cause retinal
damage due to its ability to penetrate the posterior chamber of the eye [17, 18].
However, no IR-related injury to the newborn eye has ever been reported [19], and
computational models show that even when using a wIRA radiator at short dis-
tances, the respective irradiations would remain below critical limits [20].
Furthermore, animal studies on the use of wIRA irradiation as an adjunctive treat-
ment for chlamydial eye infections found no evidence of retinal damage [21, 22],
whereas conversely, near-infrared exposure has been shown to reverse age-related
visual impairment [23, 24]. Thus, although further studies are needed on the poten-
tial impact of IR irradiation on the developing eye [25], there is currently no evi-
dence of any adverse wIRA effects that would outweigh the risk of superficial burns
induced by conventional radiant warmers.

Second, the cylindrical shape of currently used wIRA radiators results in a
defined beam which differs from the rectangular irradiation area of ceramic or steel
tube heaters designed to be mounted over diaper changing tables. Here, further
research is necessary to examine whether the natural filtering effect of water might
not be imitated by artificial materials, thus enabling a flatter design of radiant warm-
ers without loss of the specific WIRA properties.

13.5 Summary and Conclusions

In summary, a series of physical investigations on agar phantoms and adult volunteers,
as well as several clinical observations on term and preterm babies, have shown that
wIRA irradiation has surprisingly different thermal effects as compared to conven-
tional radiant warmers used in neonatal care. Due to its specific physical properties,
resulting in an “enhanced depth effect with less surface overheating,” it is especially
suited as a supplementary source of heat under conditions where extra heat losses
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need to be replaced without an increased risk of burns. Provided some minor technical
and biomedical issues are satisfactorily addressed, wIRA irradiation appears to have
further potential for the thermal care of term and preterm neonates.
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Water-Filtered Infrared A Irradiation 1 4
in Wound Treatment

U. Lange, I. Aykara, and P. Klemm

14.1 Introduction

Water-filtered Infrared A (wIRA) irradiation is a special form of heat radiation
which has high tissue penetration while delivering a low thermal load to the skin
surface. wIRA increases tissue temperature, blood flow, oxygen partial pressure,
and HbO, saturation in the treated tissue and may induce further non-thermal cel-
lular effects. The range of applications is correspondingly large due to pain reduc-
tion, inhibition of inflammation and exudation, increase in local defense against
infection, and regenerative properties. Therefore, wIRA is used to improve the heal-
ing of acute and chronic wounds. Even in non-critical wounds, wIRA accelerates
the undisturbed “normal” wound healing and attenuates pain. The available evi-
dence for wIRA in acute and chronic wounds is presented.

14.2 Historical Notes

At the Congress of the International Society on Oxygen Transport to Tissue (ISOTT)
in Mainz, Germany, the successful effect of the therapeutic combination of hyper-
baric oxygenation and local wIRA on chronic ulcers of the lower leg was presented
for the first time by Hoffmann [1]. The concept of treating acute surgical wounds
with wIRA was subsequently implemented in a randomized clinical trial, the results
from which were published in 2006 [2].
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14.3 Basic Concepts and Mode of Action of wiRA

wIRA is a special form of infrared radiation in the range of 780-1400 nm. The water
filter reduces radiation components within the infrared A, as well as most parts of
the infrared B and C range, which are associated with undesired thermal side effects
of the skin surface. Compared to conventional halogen radiators without water fil-
tering (e.g., “red light lamps”), which emit approximately 50-80% of their radiation
in the undesired, skin-damaging infrared B and C range, less than 0.5% of this
potentially damaging irradiation is delivered with wIRA radiators. As a special form
of infrared irradiation (thermal radiation), wIRA exhibits a high tissue penetration
and significantly increased energy input alongside low thermal loads to the skin
surface. A distinction is made between thermal (associated with heat energy trans-
fer), temperature-independent (occurring without relevant temperature change),
temperature-dependent (occurring with temperature change), and non-thermal
(without relevant heat energy transfer) effects [3, 4].

The tissue temperature is increased by ~6 °C superficially and by ~2.7 °C at a
tissue depth of 2 cm, the oxygen partial pressure is increased by 30% at 2 cm tissue
depth, and the tissue perfusion is increased eightfold superficially with a lasting
effect up to 5 cm tissue depth [3, 4].

It is well known that pain reduction elicited by wIRA results from both thermal
and non-thermal effects. The increased blood flow better eliminates accumulated
metabolites (including pain mediators, lactate, bacterial toxins), and metabolism is
activated by the elevated tissue temperature (improved metabolism of accumulated
substances and regeneration).

Non-thermal effects include direct effects on cells and cellular structures and
substances, possibly also on pain receptors (nociceptors). It is known that wIRA
causes significant muscle relaxation and associated reduction in pain, an improve-
ment in the quality of life, and reduces the risk of local infections by increasing
blood HbO, saturation and the tissue oxygen partial pressure [3, 4]. Irradiation with
visible light (VIS) and wIRA presumably act in conjunction with endogenous pro-
toporphyrin IX (or protoporphyrin IX from bacteria) and have a similar effect to
mild photodynamic therapy by promoting cell regeneration and wound healing (old
or pre-damaged cells are apoptotic and replaced by new cells) and having an anti-
bacterial effect (photodynamic inactivation of bacteria) [3, 4]. The essential part of
the antibacterial and antiviral effect is probably based on an improvement of the
endogenous defense by increasing temperature, tissue perfusion, and oxygen partial
pressure, as well as the associated provision of energy-rich substrates and oxygen
(thermal wIRA effect). Presumably, this is combined with non-thermal wIRA
effects on immunocompetent cells, resulting in an immunomodulatory effect and
improved local immune defense [3, 4]. The limitation of wound inflammation is
comparable to the pain reduction described above, i.e., via thermal as well as non-
thermal effects. A reduction in wound secretion by wIRA may be explained by non-
thermal, direct effects on cells [3, 4].
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14.4 Clinical Application Aspects

wIRA is a non-contact, easy-to-use, and non-painful method which has good depth
effects and establishes a prolonged heat depot. Further advantages of wiIRA are
maintenance of the blood circulation, hygienically clean application (compared to
fango/mud), use in different body positions without fixation (compared to wraps),
the possibility of combining with exercise, and adequate dose adaption by varying
the irradiation time and distance. The irradiation distance should be chosen so that
the irradiance is perceived as comfortable (subjective comfort distance usually
between 35 and 80 cm). In patients with limited sensory perception (e.g., patients
with diabetic polyneuropathy), impaired ability to respond, inadequately perfused
tissue, cold tissues, or subcutaneous tissue (e.g., along the tibia ridge), a lower irra-
diation intensity (irradiance) should be used by increasing the radiator-patient
distance.

The application of wIRA to wounds is by no means limited to wound-healing
disorders. The “normal” unimpeded wound-healing process can also benefit from
wIRA. In this setting, an accelerated and less painful wound healing with a good
cosmetic result has been described.

Irradiation of the uncovered skin/wound is carried out vertically, for at least
60 min/day (some longer application times are possible, e.g., 2—6 h/day). The rec-
ommendation is to treat more frequently and longer with lower irradiances than
shorter with higher irradiances until wound healing is completed. The wIRA irradi-
ance for wounds is recommended to be 70 mW/cm?. Wounds with reduced thermal
tolerance of the irradiated tissue should be treated with 35 mW/cm? Based on
extensive findings from many years of clinical experience, the use of wIRA with
adequate irradiances can be considered to be safe [3-5].

14.5 wIRA for the Treatment of Acute and Chronic Wounds

Wound healing is a highly energy-consuming process, and energy production in the
tissue depends on an adequate supply of oxygen and energy-rich substrates. Tissue
temperature, perfusion, and oxygen partial pressure are therefore crucial factors, all
of which are increased by wIRA.

Based on the current data, it can be concluded that wIRA accelerates the healing
of acute and chronic wounds, including infected wounds, via thermal and
temperature-dependent, non-thermal, and temperature-independent effects, as well
as normal wound-healing processes. In this context, wIRA has pain-reducing (with
reduced need for analgesics), anti-inflammatory, infection-reducing, wound
secretion-reducing, and regeneration-promoting effects (reviewed in [3, 4]). In total,
there have been seven prospective clinical studies (overview and details in [3, 4])
which demonstrate good wound healing with wIRA at the highest level of evidence
(evidence level 1a/1b), six of which were randomized controlled trials.
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14.5.1 Acute Wounds

14.5.1.1 Acute Abdominal Surgical Wounds

The effects of wIRA in acute wounds have been investigated in a prospective, ran-
domized, controlled, double-blind study in 111 patients after abdominal surgery [2].
For this, wIRA was applied twice daily for 20 min (starting on the second postopera-
tive day). In addition to a highly significant reduction in pain in the wIRA group
compared to the control group (visible light, VIS) (acute pain reduction at 230 irradia-
tions: 18.5 vs. 0 on a visual analog scale (VAS) of 0—100, p < 0.000001), a reduction
in pain medication (52-59% less pain medication versus the control groups with VIS
or peridural catheter analgesia only, p = 0.00002/p = 0.00037) was demonstrated.
Upon irradiation with wIRA, the partial pressure of oxygen increased by 32% and the
temperature by 2.7 °C in the 2 cm depth tissue, whereas no changes were recorded in
the control group (42 vs. 30 mmHg, p < 0.000001; 38.9 vs. 36.4 °C, p < 0.000001).
The surgeon’s assessment of overall wound healing on a VAS scale of 0—100 was also
significantly better in the group treated with wIRA (79 vs. 46.8 for the control,
p < 0.000001), and the cosmetic result was comparable (84.5 vs. 76.5, p < 0.0002).
Although not significant, there was a positive trend in favor of a lower rate of wound
infections in the wIRA group ((3 of 46 (7%) vs. 7 of 49 (15%), p = 0.21)), including
subsequent infections after discharge. Interestingly, there was a discernible trend
toward a shorter postoperative inpatient stay in the wIRA group (9 vs. 11 days,
p = 0.02). A key finding of this study was that postoperative irradiation with wIRA
alone can also improve the normal wound-healing process.

14.5.1.2 Burn Wounds

A prospective, randomized, controlled, double-blind study investigated the effect of
wIRA in 45 severely burn injured children (overview and details in [3, 4, 6]). Daily
wIRA irradiation was applied for 30 min from day 1 of the burn injury. Irradiation
with wIRA significantly increased the rate of wound area reduction and epithelializa-
tion (90% wound area reduction after 9 vs. 13 days, p = 0.00001) compared to con-
trol (VIS only). After 5 days, the physician decided whether surgical debridement of
necrotic tissue was indicated or whether conservative therapy could be continued.
Surgery was performed on 11 of 21 patients in the wIRA group and 14 of 24 in the
control group. Furthermore, the wIRA group showed better results in the overall
surgical assessment of the wound and with regard to the assessment of the irradiation
effect versus the control (not significant, but tending to show better effects up to
3 months after the burn injury). However, a difference in stratum corneum formation
between the 4 treatment arms was verified by laser scanning microscopy, especially
for days 5-7. The fastest formation of the stratum corneum was seen in wounds
treated with wIRA and dexpanthenol ointment, followed by wIRA alone. Analysis of
wound bacterial counts performed every 2 days showed that wIRA and the combina-
tion of wIRA with dexpanthenol ointment prevented colonization with physiological
skin bacteria by day 5 versus the other two treatment arms. Among other effects,
bacterial colonization was more distinctively suppressed upon wIRA than following
treatment with wIRA and dexpanthenol ointment.
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14.5.1.3 Experimental Wounds

In this prospective randomized controlled trial, 4 experimental superficial wounds
(each 5 mm in diameter) were induced in each of 12 subjects (overview and details
in [3, 4]). Subsequently, 4 different therapies were applied for 10 days: (1) no treat-
ment, (2) wIRA only with 30 min of irradiation daily, (3) dexpanthenol ointment
only once daily, and (4) wIRA and dexpanthenol ointment once daily.

It was found that wound healing was very good from a clinical point of view with all
four types of treatment. There were only small differences between these treatment
options, with small advantages for the combination wIRA and dexpanthenol ointment
and only for dexpanthenol ointment in terms of relative wound area changes.

14.5.1.4 Other Aspects and Perspectives in Acute Wounds

Reviews report on further positive effects of wIRA after endoprosthetic treatment of
knee and hip joints [4, 6]. During the rehabilitation process, wIRA irradiation rap-
idly enhances the resorption of wound seroma and wound hematoma, which was
objectively demonstrated clinically and sonographically. Pain relief was demon-
strated in parallel.

Successful treatment with wIRA has been documented after urological surgery,
with rapid wound healing and resorption of recurrent wound seroma. wIRA has also
been shown to have a positive effect on wound healing after cesarean surgery. An
amelioration of postoperative pain has also been successfully observed after
thoracotomy.

14.5.2 Chronic Wounds

It is well known that the wound center is often hypoxic and relatively hypothermic
and that this combination is unfavorable for wound healing. As optimal wound heal-
ing requires an adequate supply of energy-rich substrates and oxygen to the tissue,
temperature, oxygen partial pressure, and blood flow are indispensable central fac-
tors in wound healing. Since wIRA irradiation increases temperature, tissue perfu-
sion, and the tissue oxygen partial pressure, the wound healing is improved by
wIRA application. The clinically beneficial effect is based, among other things, on
an improved energy supply (increase in metabolic status) and oxygen supply [3, 4].

14.5.2.1 Chronic Venous Stasis Leg Ulcers

wIRA irradiation has positive effects on wound healing in three prospective, ran-
domized, controlled clinical studies in patients with chronic venous stasis leg ulcers
(overview and details in [3, 4]).

A Swiss study has shown significantly faster wound healing and a significantly
lower need for analgesics in 40 patients with 3 x 30 min of wIRA irradiation over
6 weeks versus the control. Wound closure was objectifiable in the wIRA group
after 14 days and in the control after 42 days (p < 0.000005). After 42 days, 19 of
20 (95%) of the wIRA group and 9 of 20 (45%) of the control showed completed
wound healing (p < 0.001).
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A Norwegian-Danish study [7] prospectively analyzed the effect of wound heal-
ing in 10 patients with thermographic follow-up. In 7 patients, the therapy resulted
in complete or almost complete healing of the therapy-refractory chronic lower leg
ulcers and in 2 other patients in a significant reduction of the ulcer size. In addition,
pain relief with a substantially reduced need for analgesics was demonstrated. The
thermographic picture typically showed a hyperthermic ulcer border, hypothermic
wound center, and temperature differences up to 4.5 °C before the start of therapy,
which normalized in the course of treatment. Of special interest are the results in a
study participant, who had an ulcer on one leg treated with wIRA, and another ulcer
on the other leg treated with VIS as control. There was a clear difference in favor of
wIRA. Furthermore, a significant improvement in the effect of irradiation (reported
by patient and examiner), assessment of wound healing (by the examiner), the cos-
metic result (by patient and examiner), and an improved quality of life was demon-
strated for the wIRA group (using a visual analogue scale).

In another prospective, randomized, controlled, blinded study involving 51
patients with non-healing chronic venous leg ulcers [8], there was a trend toward
faster wound healing, better healing tendency, granulation, reduced exudation, and
diminished wound coatings by combining compression treatment, wound cleaning
and non-adhesive wound pad, and 30 min of wIRA irradiation (5 x 30 min per week
for 9 weeks) versus control (VIS only).

A lower wound infection rate was observed after a single preoperative irradiation
with wIRA (evidence level 1b). Wound infections occurred in 5.1% (9 of 178 patients)
in the intervention group and in 12.1% (22 of 182 patients) in the control group
(p <0.02). A wound infection during postoperative days 9-30 was noted in 1.7% (3 of
178) of the irradiation group versus 7.7% (14 of 182) of the control group [9].

14.5.2.2 OtherIndications

Indications for improved wound healing upon wIRA irradiation have been described
in case reports for arterial-venous ulcers or arterial ulcers (at low irradiance), ulcers
due to external pressure, i.e., decubitus ulcers (preventive and therapeutic with
reduction of the wound area and better granulation of the wound area), diabetic foot
(preventive and therapeutic, with thermographic proof of effect), healing of fistulas
(in dentistry), and for improved absorption of topically applied substances on
wounds (overview in [3, 4]).

14.5.3 Variable Irradiations Used in Different Studies

All studies listed above differed significantly in the wIRA application time. The lat-
ter ranged from 9 to 40 min/day, with one exception not exceeding 30 min/day.
Interestingly, one study [5] recommended a significantly longer application time of
up to 60 min/day, although this was also increased to up to 2—6 h/day. It was found
that longer daily irradiations were associated with better effects on wound healing.
Thus, more frequent and prolonged irradiations at low irradiances are preferable
over shorter application times at higher irradiances.
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It is possible that the therapeutic effects in the studies conducted can be further
improved by longer irradiation times and this possibility should be considered in
future studies.

14.5.4 Conclusions and Perspectives

Based on the data presented, the positive effects of wIRA-irradiation in wound
treatment can be summarized as follows:

¢ wIRA is a useful therapeutic option recommended for the treatment of acute and
chronic wounds. wIRA can provide significant pain relief with substantially
reduced need for analgesics;

¢ wound exudation and inflammation are reduced;

e wound healing, clinical outcome, and cosmetic result are improved;

e wIRA application is reasonable before and after surgical procedures;

e wIRA is a positive adjunct to pre- or postoperative routine administration of
antibiotics (under certain conditions, wWIRA may even replace antibiotics,
although this has not yet been evaluated);

e for chronic ulcers of the lower legs, wIRA is a positive adjunct to common thera-
pies for wounds of various etiologies;

e wIRA can be used to improve the absorption of topically applied substances.

Furthermore, some perspectives for the implementation of wiRA-irradiation in
wound-related indications have only been described in smaller studies or casuistics:

e preoperative wIRA (e.g., over 1-2 weeks) for preconditioning sites for removal
and transplantation of skin grafts, transplants, and split-skin grafts;

e postoperative WIRA to promote wound healing and reduce pain, exudation,
inflammation, and infection at the mentioned locations;

e wIRA as non-invasive alternative to the punction of wound seromas and wound
hematomas, and to wound revisions;

e wIRA for prophylaxis and therapy of decubitus ulcers.

In conclusion, wIRA-irradiation offers a valuable therapeutic option in the over-
all therapy concept for the treatment of acute, chronic, infected, and burn wounds.
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Clinical Application of wiRA Irradiation 1 5
in Burn Wounds

A.S.Bingoel, S. Strauss, and P. M. Vogt

15.1 Introduction

The treatment of thermal injuries is challenging and is an area of significant, clinical
need. Early operative interventions which reduce the burden of skin necrosis and the
related morbidity are favored by most patients [1]. In some patients, early necrosec-
tomy is not possible due to compromised general condition, whereas in others, burn
wounds need more postoperative care. For these cases, conservative treatment
options are on the rise to provide an ideal environment for wound healing, preopera-
tively as well as postoperatively.

In this context, the therapeutic potential of water-filtrated infrared-A irradiation
(WIRA irradiation) in different surgical disciplines is well known [2, 3]. We use
wIRA irradiation as additional therapy for burns, scalds, and chemically induced
injuries as well as for treating patients with severe skin reactions such as toxic epi-
dermal necrolysis (TEN) on a daily basis. This chapter provides an overview of our
experience treating various thermal wound types with wIRA irradiation.

15.2 Pathophysiology of Thermal Injuries

Thermal injuries can derive from heat, hot fluids or steam, chemical irritants,
electrical trauma, or cold. Severe skin reactions such as toxic epidermal necroly-
sis (TEN) can also be included in this framework. The skin, which consists of the
epidermis and dermis, is affected by heat. An increased skin temperature of up to
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52 °C can be tolerated for a short period due to evaporation. However, if the tem-
perature exceeds 69 °C for more than 1 s, cells of the skin are irreversibly dam-
aged, with necrosis, with epidermolysis being the consequence [4]. A concept
originally presented by Jackson in 1953 is still valid for the explanation of burn
wound stages [5]. The center of a thermal wound shows a coagulation-related
necrosis, whereas encircled areas present stasis with a mixture of vital and dead
cells, constricted vessels, and ischemia. This area can be affected both positively
and negatively and is at high risk of becoming necrotic if not treated meticulously.
The outer, third zone shows a red appearance due to vasodilatation and is primar-
ily not in danger of necrosis.

15.2.1 First-Degree Burns

First-degree burns appear as an erythema and are painful. There is no blistering, and
the redness is caused by vasodilatation. A common trigger is a prolonged exposure
to sunlight which damages the epidermis.

15.2.2 Second-Degree Burns

Second-degree burns are divided into superficial partial-thickness and deep partial-
thickness burns, both associated with blistering of the skin due to epidermolysis and
damage of several areas of the dermis. Whereas superficial partial-thickness burns
primarily comprise vital dermis and are very painful, deep partial-thickness burns
are characterized by a more injured dermis with a prolonged re-capillarization and
less pain (Fig. 15.1).

Fig. 15.1 Hand with both
superficial and deep
partial-thickness burn
wounds




15 Clinical Application of wiRA Irradiation in Burn Wounds 191

Fig. 15.2 Hand with
third-degree burn wounds

15.2.3 Third-Degree Burns

In third-degree burns, all skin layers are harmed and necrosis can extend to the
muscles. There is no blistering, and wounds have a yellowish leather-like appear-
ance (Fig. 15.2) which have to be treated surgically.

15.3 wIRA Irradiation in Thermal Injuries
15.3.1 Effects of wiRA Irradiation on the Skin

Several effects of wIRA irradiation on the skin have been reported [3]. These include
the following reactions:

* increase in tissue temperature;
e improvement of tissue perfusion (blood flow); and
* increase in tissue oxygen partial pressure.

Blood flow and oxygen partial pressure in wounds are key features for a success-
ful healing process. Cell proliferation and synthesis of proteins require energy that
greatly depends to a major extent on the presence of oxygen [6]. Hypoxic conditions
additionally decrease the capability of leukocytes to kill bacteria [7]. These prob-
lems are mostly linked to a compromised microcirculation [8]. Microcirculatory
disturbances negatively affect wound healing because all above-mentioned key fac-
tors are decisively dependent on adequate tissue perfusion.

Reduced inflammatory reactions via modulation of the immune system have also
been described. A reduced bacterial colonization in infectious wounds is noticeable
in the clinical setting and evidence suggests that wIRA irradiation impairs bacterial
colonization [9, 10].
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15.3.2 wIRA Application in Thermal Wounds

Although first-degree burns can be treated with wIRA irradiation, such patients are
most likely outpatients and are not necessarily hospitalized. wIRA irradiation there-
fore is primarily used for treating hospitalized patients with second- and third-
degree thermal injuries, patients with frostbites, and in particular patients with
infectious thermal wounds.

Patients with superficial partial-thickness burns are treated with topical poly-
hexanide ointment and wWIRA irradiation 2—4 days after injuries. In these cases, we
see quick-drying wounds with a fast-progressing re-epithelialization of the skin.
After the onset of epithelialization, dexpanthenol-containing fatty ointments are
applied to the skin after wIRA irradiation to further support wound healing [11].

The approach in deep partial-thickness burns is slightly different but can have an
impact on the dimension of surgical procedures. In patients with poor general con-
dition or multiorgan failure, it is sometimes necessary to postpone surgical proce-
dures in order to stabilize patients with complex treatments on intensive care burn
units. In these patients, we intend to preserve the perfusion of wound regions, not
fully damaged according to Zone II [5], so that less extensive necrosectomies are
necessary, and the risk for bacterial infections is reduced.

If patients are in good clinical condition and surgery can be performed safely,
wIRA irradiation is applied preoperatively with the same intention as mentioned
above. Postoperatively, wIRA is used for re-epithelialization of split-thickness skin
graft donor sites [12].

Due to the capability of the wIRA irradiation to penetrate skin (and other materi-
als), we also started to irradiate tie-over-bolsters in order to support the healing
process of split-thickness grafts in the first 5 days after transplantation.

Although third-degree burns are usually dry and do not require wIRA irradiation,
it can be used for the adjacent regions with minor degree burns.

The protocol used in this study administers 3—4 irradiation sessions for 30 min/
day each, with the distance between the wIRA-radiator exit and targeted body
region being set at 30 to 40 cm. Postoperatively, radiators are used for areas that
were transplanted with split-thickness skin grafts. After removal of tie-over bolsters,
irradiation is applied 3—4 times per day for 20-30 min each session. Treated grafts
show a faster epithelialization of the fenestrated spots.

Frostbites are rare and primarily seen in homeless persons in regions with cold
winters or in extreme athletes. Cell damage arises due to protein denaturation, dehy-
dration, or formation of ice crystals. Endothelial damage might still continue even
if the impact of cold can be stopped due to reperfusion injury (Fig. 15.3). Late
ischemia with vasoconstriction and thrombosis impairs microcirculation with con-
secutive necrosis. Among other therapies, we also apply wIRA irradiation in these
patients, albeit with mixed results.

In this context, other severe skin diseases such as toxic epidermal necrolysis are
also treated. Here, large wound areas often require extended logistics and medical
armamentarium of a specialized burn unit. Initial results appear promising; how-
ever, the rarity of these skin diseases impedes systemic analyses.
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Fig. 15.3 Right: severe frostbites of the fingers. Left: Documentation with FLIR ONE
thermography showing the colder parts

Although we have not yet been able to determine any significant reduction in the
requirement for pain medication, as postulated earlier [13, 14], most patients report
an enjoyable and comfortable warmth and a pleasant sense of relaxation during the
application of wlIRA.

15.4 Outlook to Further Research

Our preliminary in vitro data also show that wIRA irradiation induces the migration
of adipose-derived stromal cells (ASCs). In scratch assays simulating wounds in a
cell monolayer, ASCs lead to a faster wound closure after wIRA application com-
pared to untreated or heat-treated controls. Further research is needed to understand
the molecular mechanisms that are induced or mitigated/inhibited by wIRA
irradiation.
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Abbreviations

Bcl-2 B-cell lymphoma 2

LLLT Low-level-light therapy

MMP 1  Matrix metalloproteinase 1

NIR Near infrared

PINP N-terminal domain of procollagen typel
TGF-pl1  Transforming growth factor 1

wIRA Water-filtered infrared-A

16.1 Introduction

“Wound healing” describes a complex process which consists of tissue homeostasis,
inflammation, proliferation, and scar-remodelling [1]. Development of chronic
wounds, chronic inflammation, and aberrant scarring are the consequences of an
imbalanced cell proliferation, cytokine secretion, and extracellular matrix synthesis
and degradation. There are two types of aberrant scarring: hypertrophic scars and
keloid scars. In contrast to hypertrophic scarring, keloid development is considered
to have a genetic background, and scarring is not limited to the initial defect area.
Physical restrictions, stigmatization, and chronic wounds are only some aspects that
have a high impact on patients” lives. Although a broad variety of treatment regi-
mens, such as conservative approaches (e.g., compression therapy), invasive
approaches (e.g., cryotherapy, surgical procedures, and laser ablation), and
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combination therapies using pharmacological agents (e.g., glucocorticoids, chemo-
therapeutics and immunomodulators) are used, a high recurrence rate of keloids is
observed [2]. Consequently, there remains a great need to develop alternative thera-
peutic options.

One of these options is the application of water-filtered infrared-A (wIRA) irra-
diation which is considered by the European Society for Hyperthermic Oncology
(ESHO) to be an ‘external non-contacting IR heating system’. wIRA is known for
its high tissue penetration, reaching the subcutis without inducing harmful increases
in skin surface temperature or pain. Clinical, pre-clinical, and in vitro studies have
demonstrated its capacity to (a) influence cell metabolism, angiogenesis, thermo-
regulation, local blood flow, oxygen partial pressures, pain management, bacterial
colonisation, total wound infection, and to (b) shorten healing time of acute and
chronic wounds [1]. These aspects, together with a potential influence on collagen
synthesis, support wIRA as being a promising therapeutic approach to treat hyper-
trophic scars, in particular keloids. In this study, we have compartmentalised and
investigated the thermal and spectral components of wIRA separately and in com-
bination with water bath heating.

16.2 Methods and Results

Aberrant scarring, sometimes solely initiated by micro-fissures, is characterised by
an imbalanced wound healing. The treatment of aberrant scarring often results in
secondary wounds, for example, after injection or surgical removal of scar tissue
and might, therefore, trigger a recurrence. We have been interested in how wIRA
irradiation may influence different aspects of aberrant scars, such as cell prolifera-
tion, migration, metabolic activity, and the synthesis and degradation of extracellu-
lar matrix proteins, specifically collagen type I. Our studies have focussed on
investigating the influence of the spectral and thermal components of wIRA irradia-
tion. Therefore, cells were either kept light-protected or were irradiated with 360 J/
cm? (780 nm-1400 nm; 106 mW/cm?) using a wIRA radiator (Hydrosun® 750,
Hydrosun Medizintechnik, Miillheim, Germany) equipped with an optical filter
eliminating wavelengths <780 nm, for 56—120 min. During irradiation, samples
were kept in a temperature-controlled water bath at 37-46 °C (Fig. 16.1).

16.2.1 Morphological Changes and Metabolic Activity

When considering potential new treatment regimens, investigations on cellular mor-
phology, viability, and cytotoxicity are prerequisites. The rhomboid morphology of
normal and keloid fibroblasts was not altered neither by the spectral component of
wIRA nor by water bath heating up to 44 °C (Fig. 16.1). Independent of the fibro-
blast origin, the rhomboid cell shape changed to a more spherical shape after light-
protected exposure to 46 °C. Fibroblast cells treated with the spectral component of
wIRA at 46 °C were significantly less spherical. The lack of spherical cell
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Fig. 16.1 Experimental setup and analysed parameters

morphology in the co-treated cultures might be associated with reverse pro-apoptotic
effects, for example, by upregulating Bcl-2 (data not shown). The spectral wIRA
component might antagonize mitochondrial membrane destabilisation, cytochrome
C release, and consequently downregulate anoikis, a cell adhesion-dependent asso-
ciated programmed cell death which is known to be induced (a) intrinsically through
mitochondrial membrane permeabilization, as well as (b) extrinsically via death
receptor signalling.

A moderate, exclusively temperature-dependent reduction of the metabolic
activity without inducing cytotoxic effects was observed in all fibroblasts.
Comparable effects have been observed after application of pulsed or prolonged
hyperthermia by laser or convective heat [3, 4]. Therefore, it is unlikely that the
in vitro observed reduced metabolic activity is clinically relevant.

16.2.2 Wound Closure

In normal fibroblast cultures, treatment is conducted with the spectral component of
wIRA at 37 °C stimulated proliferation, as indicated by an increased incorporation
of a thymidine analogue during mitosis, and an increase in the binucleate index,
cytokinesis, and total cell number. Photo-documentation of the respective scratch
closure additionally showed that the induced scratch closed faster in the wIRA at
37 °C exposed cultures compared to sham-irradiated cultures. These results indi-
cated that the spectral component of wIRA promoted proliferation and migration
without inducing pro-inflammatory cytokines and had only a moderate effect on the
production of reactive oxygen species (ROS) [5]. Thereafter, we investigated
whether scratch closure for normal and keloid fibroblasts differed. In a previous
study we observed that wIRA differentially influenced normal and keloid fibro-
blasts under hyperthermic conditions [6]. Scratch closure in cultures exposed to
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37 °C wIRA and 46 °C wIRA occurred earlier than that in the respective non-
irradiated cultures (37 °C and 46 °C). There was a quantitative difference in scratch
closure at 37 °C and 46 °C between the light-protected/non-irradiated (open sym-
bols) and the cultures treated with the spectral wIRA-component only (closed sym-
bols). Normal fibroblast cultures (Fig. 16.2a) treated with the spectral wIRA
component at 37 °C exhibited a significantly faster area closure after 6 h and 12 h
compared to the non-irradiated cultures, whereas such an effect could not be
observed in keloid cultures (Fig. 16.2b). Under extreme hyperthermia conditions
(WIRA at 46 °C), the spectral component of wIRA induced a significant increase in
the scratch area closure compared to the respective light-protected cultures in nor-
mal or keloid fibroblast cultures. Direct comparison of the scratch closure capacity
upon WIRA at 46 °C in normal and keloid fibroblasts (Fig. 16.2c) revealed that
normal fibroblasts covered a significantly larger scratch area between 6 h and 36 h
after scratch induction than keloid fibroblasts. Thereafter, almost the complete area
was covered in both experimental conditions.

In the studies presented, wound-healing velocity was likewise influenced after
treatment with the spectral component of wIRA under hyperthermic (4046 °C) and
normothermic conditions (37 °C). It has previously been reported that irradiation
with different irradiances (doses) of low-intensity red light (dominant wavelength
628 nm) upregulates genes involved in proliferation [7]. Another indicator support-
ing wIRA treatment is that under various thermal conditions, wavelengths of the
NIR spectrum and LLLT influence mitochondrial mass, mitochondrial membrane
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potential, and moderate ROS-induction, all of which are likely responsible for pro-
liferation and the induction of migration [5, 8].

16.2.3 Extracellular Matrix Synthesis

As described above, the thermal component of the wIRA irradiation was eliminated
and all applied thermal stimuli were exclusively administered using a temperature-
controlled water bath. This enabled the influence of the spectral component of
wIRA irradiation to be separated from its thermal component. As described in Sect.
16.2.2 that normal fibroblasts close an artificial wound faster than keloid fibroblasts
after treatment with the spectral component of wIRA, it is also important to validate
the synthesis of the extracellular matrix, which is closely balanced under physiolog-
ical conditions. Monitoring collagen synthesis is an important criterion for develop-
ing a possible keloid therapy. As a consequence, we assessed the dependence of
collagen type I synthesis in normal and keloid fibroblast on the spectral and/or the
thermal components of wIRA [6]. As depicted in Fig. 16.3, keloid fibroblasts (black
columns) can be clearly distinguished from normal fibroblasts (white columns) due
to higher collagen synthesis. Whereas collagen type I synthesis of normal fibro-
blasts was neither influenced by the spectral component of wIRA nor by increasing
the water-bath temperature during treatment from 37 °C up to 44 °C; a distinct
decrease of the collagen type I concentration was observed in keloid fibroblast cul-
tures that had been treated at 44 °C. At the latter temperature, there was no
difference between the hyperthermia treatment (44 °C) and the co-treatment (WIRA
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Fig. 16.3 Comparison of collagen type I synthesis of normal and keloid fibroblasts
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at 44 °C). Increasing the water-bath temperature to 46 °C significantly reduced col-
lagen type-I synthesis in normal and keloid fibroblasts (Fig. 16.3). The relative
reduction of collagen type I synthesis of keloid fibroblasts after treatment at 46 °C
was four times higher than the observed reduction in normal fibroblasts. Collagen
type I synthesis in cells exposed to wIRA at 46 °C was partially reconstituted. The
restored collagen type I synthesis remained proportionally lower than the collagen
type I synthesis of the normal fibroblasts under these conditions.

Further investigations focussing on transforming growth factor-p1 (TGF-f1), a
well-known promoter of collagen synthesis, revealed a temperature-related reduc-
tion of TGF-B1 secretion in normal and in keloid fibroblasts. In keloid fibroblasts,
this temperature-induced reduction in secretion was completely restored in cultures
exposed to wIRA at 46 °C. In our studies, we observed neither a temperature nor a
spectral wIRA component-related effect on the secretion of the matrix metallopro-
teinase-1 (MMP-1).

16.3 Conclusions

The rationale for the treatment of hypertrophic scars/keloids is (a) to increase the
catabolism of extracellular matrix proteins and their de novo synthesis and (b) to
inhibit cells, especially fibroblasts, that are responsible for their synthesis in order
to regain a physiological equilibrium. The results presented indicate that applying
moderate to extreme hyperthermia with wIRA qualifies as a potential approach due
to its capacity to inhibit TGF-p1 secretion. This in turn influences signal transduc-
tion pathways which impact migration, proliferation, and collagen type I synthesis,
such as p38, MAPK. The wIRA-related rescue of the TGF-p1 secretion in keloid
cells after incubation at high temperatures is not able to neutralize the temperature-
induced reduction of collagen type I synthesis. Although the wIRA-related upregu-
lation of TGF-f1 is beneficial and desirable during wound healing [9], its relevance
in the clinical application in keloid treatment needs to be further validated. Direct
comparison of the wound/scratch closure capacity between normal and keloid fibro-
blasts that had been wIRA irradiated under hyperthermic conditions showed that
normal fibroblasts reduced the remaining scratch/wound area faster than keloid
fibroblasts. Therefore, the data presented herein suggest both the spectral and ther-
mal components of wIRA as potential adjuvant therapy options for promoting nor-
mal wound healing after keloid surgery due to the observed differential responses of
the fibroblast species in the wound scratch assay. The therapeutic benefits of wIRA
involve an increased proliferation of normal fibroblasts, a moderate induction of
ROS, stimulation of cell migration, and the low risk of thermal tissue damage.

16.4 Outlook

To further elucidate the impact of the thermal and the spectral component of wIRA
as an anti-fibrotic therapy regimen, it is advisable to employ more complex systems
such as tissue cultured skin equivalents [10], which might be adapted to represent
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scar tissue to monitor extracellular matrix structure and morphological and bio-
chemical properties of the cells. Additionally, ex vivo explants and long-term analy-
sis of the above-described treatment regimen are planned in order to further
discriminate between the relevant factors in normal and diseased cells. Considering
a broad experience concerning the development of phytochemically based photody-
namic treatment regimens, we are currently investigating the influence of photosen-
sitizers in combination with wIRA irradiation on benign keloid fibroblasts, other
neoblastic cells, and their normal counterparts. These studies are focussing on the
signalling pathways that are involved in proliferation, migration, apoptosis, anoikis,
cell cycle progress, and autophagy.
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17.1 Clinical Effectiveness of wiIRA in the Treatment of Warts

Water-filtered infrared-A (wIRA) irradiation is characterized by deep-reaching ther-
mal effects with comparatively low level of heat-induced pain on the skin surface
using typical irradiances (60—120 mW/cm?) [1, 2]. wIRA has been successfully
employed in a broad range of areas including physiotherapy, sports medicine, inter-
nal medicine, pediatrics, as adjuvant therapy in radiation oncology, as well as in the
treatment of chronic and acute wounds [3], and also for antimicrobial treatment =+
photodynamic therapy (aPDT) [4, 5]. Previous studies have reported PDT to be
efficient in warts [6, 7].

Warts are a common skin condition with an overall prevalence of 2.4—12.9%
which are caused by the human papillomavirus (HPV) [8, 9]. Warts seriously impair
quality of life due to possible functional impairment, pain, and unsightly appear-
ance. As well as having a physical impact, the concern that warts might spread and/
or lead to infections in other people has a negative psychological impact [9].
Although warts most commonly involve hands and feet, they can affect other areas
of the skin including anogenital regions where they can manifest as sexually trans-
mitted infections [8, 9]. Additional manifestations of HPV-associated diseases
include several genital or upper respiratory/digestive malignancies such as cervical,
vaginal, vulvar, penile, anal, and oropharyngeal cancers [8], the latter of which have
been in the focus of most investigators in the HPV field [8]. In contrast, Fuchs et al.
[4] have concentrated on the therapy of common warts (verrucae vulgares) and
reported on the first prospective randomized controlled blind trial of PDT and wIRA
in the treatment of recalcitrant common hand and foot warts. Although different
therapeutic regimens for common warts have been described earlier, there is a lack
of a single striking treatment strategy with high efficacy and little side-effects.
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Standard therapies such as cryotherapy or electrosurgery are invasive, cause burns,
blisters, local irritation, itching, bleeding, infection, ulcers, and scarring, and/or are
painful, because of which they are traumatizing for patients, especially for young
children [4]. Although applying local hyperthermia (44 °C/30 min) has been suc-
cessfully used for treating common and facial warts, side effects include burning
sensations, blister formation, and subsequent hyperpigmentation [10]. No such side
effects have been reported using a wIRA radiator (type 501; Hydrosun®, Miillhein,
Germany) [4], most probably because IR-A components, which would typically
cause unwanted thermal stress and a stinging and burning sensation in the skin by
interactions with water molecules, are reduced by a water filter [11]. A combination
of wIRA and 5-ALA based PDT has been used for treating actinic keratosis and
basal cell carcinoma [5] and some patients with HPV-induced palmar and plantar
warts [4]. PDT involves the excitation of a photosensitizer with VIS of 380-780 nm
and the subsequent interaction of this with cellular lipids and proteins, either with-
out oxygen (photooxidative reaction type I) or with oxygen (photooxidative reac-
tion type II) [12]. 5-ALA is endogenously transformed into the photosensitizer,
protoporphyrin IX by proliferating cells in the skin [6, 12]. The study by Fuchs et al.
[4] showed that wIRA irradiation, either with or without 5-ALA-based PDT, signifi-
cantly reduced recalcitrant foot and hand warts. Furthermore, wIRA distinctly
increased the percentage of cleared warts compared to patients receiving the stan-
dard treatment scheme (including keratolysis and curettage as pre-treatment and
retinoic acid ointment as post-treatment) alone, as well as completely curing some
patients. Importantly, no scars or skin side effects were observed, and patients
reported no disturbance of function after treatment [4]. Both, thermal and non-
thermal effects may explain the wIRA effect. The increase in tissue temperature
directly inactivates the thermolabile human papillomaviruses. Indeed, temperature
rises above 42 °C have been shown to induce changes in the apolipoprotein B
mRNA-editing catalytic polypeptide (APOBEC) 3 proteins, which are potent viral
DNA mutators and feature broad antiviral activity [13]. wIRA hyperthermia might
also indirectly activate tissue metabolism and may have immunomodulatory effects
such as improving the local immune competence of the patient. Non-thermal effects
of infrared radiation such as direct stimulation of cells [14], induction of cell growth
towards infrared sources [15], and influences on cellular components, such as cyto-
chrome c [16], have also been reported.

17.2 InVivo and In Vitro Antibacterial Effects of wiRA

The emergence of antibiotic-resistant gram-positive and gram-negative bacteria is
considered a global health problem due to the diminishing availability of antibiotics
to treat these infections. Nonchemical treatments for infectious diseases using strat-
egies such as local wIRA hyperthermia are being explored [17], as various bacterial
species display thermo-sensitivity [18]. The effectiveness of WIRA treatment on
infections with Chlamydia pecorum and Chlamydia trachomatis has been demon-
strated in vitro using animal and human cell culture models [17]. Heat treatment has
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further been proven to be beneficial for Leishmania-induced skin lesions and
Mycobacterium ulcerans (reviewed in [17]). wIRA irradiation in antimicrobial pho-
todynamic therapy (aPDT) combined with toluidine blue as photosensitizer has
been reported to be successful against the oral bacteria associated with the develop-
ment of periodontitis, Streptococcus mutans, and Enterococcus faecalis [19].
Another wIRA study investigating the effect of PDT using the photosensitizer chlo-
rine €6 on periodontal pathogens and subgingival biofilms in situ has demonstrated
a distinct reduction of bacteria and oral biofilms [20]. Furthermore, wIRA irradia-
tion alone has been shown to have beneficial effects on wound infections after
abdominal surgery [21].

17.3 Treatment of Wounds and Wound Infections with wiRA

Several physical procedures are currently promoted as an “enhancer” of the treatment
of wound infections, including cold atmospheric plasma, electrostimulation, laser
therapy and extracorporeal shock wave therapy, and wWIRA irradiation [22]. It is
important that a distinction is made as to whether the antimicrobial effect is through
killing bacteria and/or achieved by promotion of wound healing. Elimination of bac-
teria in the infected wound can support favorable outcomes, as is seen with a classic
antibiosis [22]. A possible, endogenous PDT-like effect has been discussed for wIRA,
since VIS and wIRA irradiation could interact with endogenous protoporphyrin IX or
protoporphyrin IX of bacteria, and therefore could additionally support wound heal-
ing by evoking antibacterial effects [1]. However, direct antimicrobial effects by
wIRA on non-thermosensitive bacteria have not yet been reported [23]. Hence, it is
more likely that wIRA exerts its beneficial effects in wound infections by promoting
the factors that are decisive for healing (e.g., tissue perfusion) and combating germs
(e.g., increase in phagocytosis) in the wound environment [22]. Indeed, it has been
reported that wIRA irradiation leads to an increase in local temperature [21, 24], in
tissue blood flow [24] and in oxygen partial pressure [21]. These effects substantially
support the healing process, especially in chronic wounds which are typically ische-
mic, hypoxic, and hypothermic [25]. wIRA also has non-thermal effects which are
based on direct stimulation of cells and cellular structures by IR-irradiation. These
effects comprise stimulation of wound repair [26], cell protection events [27], target-
oriented growth of neurons [15], and possible effects on pain receptors [21].
Consequently, inflammation, pain, and the required dose of pain medication are
reduced [2]. Overall, wIRA irradiation has a positive impact on wound healing, short-
ens the time to complete wound closure, and thereby can curtail hospitalization [23].

17.4 Investigation of wiRA Effects Using In Vitro Models

Wound healing is a complex process which involves different epidermal and dermal
cell types, as well as leukocytes, all of which are coordinated by cytokines and
growth factors. The primary focus is on fibroblasts, as they are involved in the
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production of extracellular matrix, and thus rebuild new tissue in the wound area
[26], and keratinocytes which participate in the inflammatory reaction and ulti-
mately close the injured area by epithelization [28]. Given the positive effects on
wound healing by VIS-therapy (visible light-therapy), it is of interest to investigate
the effects of VIS-therapy on cell viability and cell proliferation during wound heal-
ing, and also on cell migration. Zoller et al. [29] have treated foreskin and keloid
fibroblasts with convective heat and/or wIRA to assess the potential of these as
treatments for keloids and hypertrophic scars. They found a temperature-dependent
induction of a spherical cell shape, a reduction of collagen type-I synthesis, and
decreased TGF-B1 secretion in the fibroblasts. Although wIRA irradiation had no
influence on MMP-1, it restored original cell morphology in foreskin fibroblasts
and collagen type-I synthesis, and TGF-f1 secretion in keloid fibroblasts [29].
Knels et al. [30] evaluated wIRA for the treatment of oxidative stress in cells which
is found in elderly or diabetic patients. For this, they exposed fibroblast cultures to
glyoxal to induce glycation of proteins and lipids to mimic oxidative stress and
determined their rescue from apoptotic cell death by wIRA. They found that wIRA
irradiation diminished the effects of glyoxal-induced stress, such as ROS-production,
translocation of phosphatidylserine, and DNA-fragmentation, which are considered
main events of cell apoptosis, while being well tolerated by the cultured fibroblasts
[30]. Wound healing is mostly investigated in vitro based on the direct measurement
of cell migration and regeneration of the cell layer after mechanical damage to con-
fluent cell layers (scratch wound assay) [31] (Fig.17.1). Cells that have been suc-
cessfully used in this assay include HaCaT keratinocyte cells, primary epidermal
keratinocytes, and primary dermal fibroblasts. Preliminary studies into wIRA
effects on wound closure in vitro have shown distinct differences in responses of a
wounded HaCaT keratinocyte monolayer after a 10-min treatment compared to the
untreated control and heat treatment alone (Fig. 17.1). Cell migration started earlier
in wIRA-irradiated cells (Fig. 17.1, middle column) in contrast to untreated cells
(Fig. 17.1, left column), whereas heating cells for 10 min in order to induce the
same temperature rise in the cells as induced by the wIRA irradiation delayed the
healing process (Fig. 17.1, right column). Although, cellular processes induced and
mediators involved remain to be elucidated, it is apparent that the observed clinical
benefits of wIRA on wound healing can be investigated in vitro using adequate
models and experimental settings, thereby allowing further clarification of the
underlying biological effects. Several researchers have stressed that temperature
changes need to be strictly controlled in vitro in order to distinguish between ther-
mal and non-thermal effects of wWIRA [32, 33]. In contrast to skin models or patient’s
skin in vivo, in cell culture models there is only one cell monolayer and the protec-
tive epidermis or temperature control by blood circulation is missing [31, 32]. To
evaluate exclusively non-thermal effects of wIRA irradiation, it is necessary to keep
the temperature constant during the experiment [32, 33]. Accordingly, Jung et al.
[34] tested the effects of wIRA on the generation of reactive oxygen species (ROS)
in human dermal fibroblasts. They showed that ROS formation is heat-dependent
and not induced by the irradiation alone as long as the temperature was kept con-
stant. Temperature measurements were performed directly on the cell layers with
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Fig.17.1 Regeneration of
the cell layer in the scratch
wound assay with human
HaCaT keratinocytes (1)
untreated, (2) irradiated
with wIRA for 10 min and
(3) exposed to comparable
temperatures heating
(without wIRA
irradiation). Images were
obtained using the JuLI™
Br Live Cell Analyzer
(Peqglab, Erlangen,
Germany)
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thin thermocouples (type K, TC Direct, Monchengladbach, Germany) to establish
an in vivo like experimental set-up. For the wIRA treatment in the wound healing
assays, cell dishes were exposed to different experimental conditions (Fig. 17.2a—
¢). The results were compared to the temperature curve during a local wIRA irradia-
tion for 10 min on the forearm of a volunteer (Fig. 17.2d). A temperature rise from
34 °C to 42 °C at a skin depth of 1 mm was observed. The cells on the heating plate
experienced a drastic increase in temperature since the surface of the plate is addi-
tionally heated by wIRA irradiation. In contrast, the temperature in the water bath
with constant water exchange could be effectively controlled during the wlRA irra-
diation [33]. The increase in temperature when using a water bath without water
exchange was comparable to the locally treated forearm of the volunteer, thereby
confirming in vitro experiments on wound healing effects under in vivo-like condi-
tions. However, in this experimental set-up, it is imperative to include control exper-
iments which simulate increases in temperature to distinguish between effects
caused by the wIRA treatment and pure warming of the sample, as they might occur
during a clinical application of infrared A irradiation. In this way, it is possible to
analyze more complex systems such as tissue models consisting of different layers
of different cell types. In these samples, warming due to wIRA absorption cannot be
avoided or reliably excluded by cooling [32]. Such an experimental regime is a pre-
requisite for morphological investigations in 3D cell cultures to ensure close simu-
lation of the in vivo conditions. It is known that cell behavior in 2D systems is
different from that in their natural 3D environment in vivo. For instance, fibroblasts
very quickly reach confluence in monolayers due to the high proliferation rate, and
they show a biosynthetic capacity that does not correspond to the situation in vivo.
In 3D collagen gels, fibroblasts show a lower biosynthetic activity and have a regu-
lated growth and degree of differentiation that imitates the in vivo situation. Thus,
3D cell cultures represent an intermediate between 2D monolayer cultures and
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Fig. 17.2 Experimental set-ups for wIRA application on cell layers in vitro: (a) with the cell
dishes either placed on a heating plate, (b) in water bath I with a slow water exchange, and (c) in
water bath II without water exchange. Results were compared to the local wIRA irradiation for
10 min on the forearm of a volunteer (d). Temperature measurements were performed directly
above the cell layers with thin thermocouples (type K, TC Direct, Monchengladbach, Germany)
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pre-clinical animal models and are already a viable alternative to animal experi-
ments in some areas of application. Full (3D) skin models are used to test the cyto-
toxic effects of substances or treatments, as well as their influence on the cellular
behavior. Reconstructed human epidermis (RHE) models are often utilized for this
purpose and misleadingly referred to as skin models. Although these RHE models
show a 3D structure of the epidermis of keratinocytes, they lack a dermal compo-
nent, and therefore a corresponding interaction with local fibroblasts. 3D skin mod-
els consisting of a collagen matrix populated with primary human fibroblasts as the
dermis and a completely differentiated epidermis made of primary human keratino-
cytes are also referred to as “full skin models.” Preliminary experiments have shown
that wIRA treatment has no negative effects on the morphology in a 3D skin model
(Fig. 17.3). In the epidermis, the undifferentiated basal keratinocytes express the
keratins 5 (ck5) and 14 (ck14), whereas the cells in the upper epidermis switch to
the expression of the keratin pair 1/10 (ck10) specific for differentiation [35].
Keratins are the main structural proteins in epithelial cells, in which they form a
cytoplasmic network of 10-12 nm thick intermediate filaments [36]. Markers for
the terminal differentiation of the keratinocytes to corneocytes (horn cells) of the
stratum corneum are involucrin (IVL), a soluble precursor protein of the horny cell
layer, and filaggrin (FLG), the aggregation protein of the keratin filaments in the
horny cell layer [37, 38]. Changes in the composition and expression of such struc-
tural proteins have been associated with various skin diseases. Fibroblasts in the
dermis can be detected by staining the cytoskeletal protein vimentin (VIM), a type-
IIT intermediate filament protein. The detection of proliferating cells is possible
using the marker Ki67 [39].

Stratum corneum

Stratum lucidum
Stratum granulosum Epidermis

|

Stratum spinosum

L

Stratum basale

Dermis

—_—

Fig. 17.3 The 3D skin model shows the normal dermis structure as well as differentiated epider-
mal layers after wIRA irradiation for 10 min. No negative effects on dermal or epidermal compo-
nents by wIRA irradiation were noted
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Abbreviations

GvHD Graft-versus-host disease
IR Infrared irradiation

LS Localized scleroderma
MMP Matrix metalloproteinase
PDT Photodynamic therapy
PUVA Psoralen and ultraviolet A
RCT Randomized controlled trial
RP Raynaud’s phenomenon

SS Systemic sclerosis

TGF-p transforming growth factor beta
Uv Ultraviolet irradiation

18.1 Biological Effects of wiRA in Human Skin

Water-filtered infrared-A irradiation (WIRA) is a safe and promising therapeutic
modality in dermatology with a number of potential indications. wIRA irradiation
can effectively heat the skin and subcutis up to a depth of approx. 2.5 cm with a low
thermal load on the skin surface while delivering an effective energy level to deeper
tissue layers (see Chap. 3, Fig. 3.5). These properties render wIRA a suitable ther-
apy for dermatologic conditions involving deeper parts of the skin with little risk of
associated adverse effects [1, 2].
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The effects of wIRA on the skin are mediated through heat-dependent and heat-
independent mechanisms. Heat-dependent effects result from a rise in tissue tem-
perature (up to 8-9 °C on the surface and about 4.5 °C in a depth of 2 cm) [see Chap.
5, Fig. 5.5], up to ten-fold increases in skin blood flow [3] and an elevated oxygen
partial pressure (ApO, = 25-30 mmHg in a tissue depth of about 2 cm) [see Chap.
5, Fig. 5.5]. These mechanisms enhance the blood flow and increase the supply of
oxygen and energy substrates to cells and accelerate the ability of damaged tissue to
regenerate and heal [1-6].

The photon energy of wIRA (particularly wavelengths between 780-1000 nm)
can also be absorbed by endogenous photosensitizers (particularly porphyrins)
which in turn initiate photochemical processes that directly affect cells and cellular
structures (e.g., cell protrusions, influence on cytochrome ¢ oxidase and neurostim-
ulation). Some of these biological effects correspond to a mild photodynamic effect
and lead to further cell regeneration and tissue healing.

Through all these processes, WIRA reduces pain, improves wound healing,
reduces hypersecretion of wounds and exerts antifibrotic and immunomodulatory
effects [1, 7-10]. Thus, wIRA has been used as a treatment option for different skin
conditions.

18.2 wIRA Treating Dermatological Disorders

18.2.1 Wounds

The effects of wIRA have been investigated in various types of wounds. Numerous
studies show that wIRA irradiation promotes the healing of chronic wounds, pre-
dominantly venous ulcers, as well as acute wounds (surgical wounds or burns)
[10-12].

Venous ulcers are very common in dermatological care and may pose a consider-
able therapeutic challenge, since healing is often notoriously slow. These ulcers are
mostly located on the medial malleolar region. They are caused by impaired venous
blood return towards the heart. Insufficient venous valves and/or insufficient con-
traction of the calf muscles (calf muscle pump) result in decreased blood flow,
venous reflux and ambulatory venous hypertension. This, in turn, leads to an inad-
equate tissue perfusion with a decreased supply of oxygen and nutrients, as well as
an inadequate removal of metabolites. Chronic hypoxia and hypothermia also
impede host defense mechanisms against secondary microbial infection and com-
promise the healing process such that minimal trauma can lead to chronic wounds
that often require long-term management. Treatment includes stage-dependent,
wound care, compression, surgical removal of necrotic tissue and insufficient veins,
and also infection control. Quality of life is significantly decreased in patients suf-
fering from chronic venous ulcers.

wIRA counteracts several of the functional aberrations underlying the patho-
physiology of venous ulcers. wIRA can improve the local wound microenvironment
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by increasing the temperature, the perfusion, and thus the oxygen supply in the
affected tissue. wIRA also reduces wound hypersecretion and inflammation and
enhances fluid absorption and thus reduces edema formation. A reduction in pain,
which may already be noted during the first WIRA treatment, increases mobility and
reduces the need for painkillers. Together, this accelerates healing and shortens the
duration of hospitalisation [10-12].

In a prospective trial, Mercer et al. [13] reported on the response of 10 patients
with venous stasis ulcers who were treated two to three times weekly with
wIRA. Each irradiation lasted 30 min and the maximum treatment period was two
months. Of the 10 patients, 7 experienced complete healing of their ulcers and
another 2 achieved a distinct reduction in ulcer size. wIRA also reduced pain and
the intake of painkillers. Thermographic imaging at baseline showed a hyperther-
mic ulcer rim and a hypothermic ulcer base that normalized during wIRA treatment.

The largest randomized controlled trial (RCT) in patients with chronic venous
stasis ulcers included 51 patients, all receiving basic treatment with compression,
wound cleansing and non-adhesive wound dressings [14]. Of these 51 patients, 25
received 5 weekly treatments for 30 min with a wIRA radiator, whereas the other 26
patients were irradiated with visible light (VIS) only. Treatment was given for a
maximum of 9 weeks. In the event of earlier complete wound healing, treatment
was continued for at least another week. In comparison with VIS alone, wIRA ther-
apy resulted in a significantly greater reduction of the ulcer area (—151 cm? vs.
—49 cm?). A greater proportion of patients experienced complete ulcer healing (20%
vs. 12%), improved granulation and increased epithelialisation of the ulcer rim, less
wound exudation, and also an immediate relief of pain in about 25% of the patients.
The irradiations were mostly carried out as a home treatment using a loan device
and were reported by the patients as easy to perform. Taken together, this trial pro-
vided sound evidence that wIRA can be a useful addition to the therapeutic arma-
mentarium for patients with chronic venous ulcers [14].

The results of all prospective trials that have used wIRA irradiation in different
types of wounds (chronic venous stasis ulcers, infected and colonized wounds, sur-
gical wounds and burns) have been reviewed [10]. The duration and frequency of
irradiation in these studies have varied between 20 min twice daily and 30 min twice
weekly. The numerous effects of wIRA on wounds that were observed in these stud-
ies are summarized in Table 18.1.

In summary, wIRA appears to be an effective adjuvant treatment for chronic and
acute wounds and may also accelerate wound healing in the perioperative setting
[11, 16, 17]. Of note, wIRA treatment is virtually devoid of side effects and is well
accepted by the patients. The usual treatment protocol employs three 30-min irra-
diations per week. Whether more frequent irradiations (up to six daily sessions of
30 min) [11] might further enhance the therapeutic efficacy remains to be substanti-
ated. Home treatment with wIRA is feasible and easy to handle and can be offered
to patients on a case-by-case basis. Future studies are required to delineate the opti-
mum treatment protocol and to establish standardized criteria for the use of wIRA
in wound management.
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Table 18.1 Reported wIRA effects on wounds (modified from [15])

Immediate pain reduction during irradiation

Decreased intake of pain medication

Higher tissue temperature associated with higher oxygen partial pressures during irradiation
Decreased wound exudation

Reduction of inflammation

Accelerated wound healing (formation of granulation tissue and re-epithelialisation)

Lower rate of secondary wound infections

Improved cosmetic outcome

Reduced length of hospitalization

18.2.2 Sclerotic Skin Diseases

Sclerotic skin diseases can be categorized into systemic and localized forms that
differ in etiology, pathophysiology, clinical presentation, associated extracutaneous
organ involvement, therapy and prognosis. Systemic sclerotic diseases comprise
systemic sclerosis (limited and diffuse form), scleromyxedema, scleroderma and
nephrogenic systemic fibrosis [18, 19]. Cutaneous and internal organ fibrosis can,
however, also occur in chronic graft versus host disease (GVHD), particularly after
allogeneic bone marrow transplantation [20].

Systemic sclerosis (SS) is characterized by multiple skin changes (diffuse pro-
gressive induration of the skin, sclerodactyly, joint contractures, microstomia, pig-
mentary changes, telangiectasias, calcinosis cutis and pterygium inversum unguis)
and involvement of internal organs, particularly the gastrointestinal tract, kidneys
and lungs. In addition to sclerosis and inflammation, vascular abnormalities result-
ing in impaired tissue perfusion and lowered tissue temperature are also found in
systemic sclerosis. Up to 90% of patients with SS suffer from Raynaud’s phenom-
enon (RP) which is characterized by intermittent arteriolar vasospasm of the digits,
most often triggered by cold temperature or stress. Prolonged ischemia in Raynaud’s
phenomenon can lead to ulceration and necrosis of the digits.

Localized scleroderma (LS), also known as morphea, has recently been reclassi-
fied into five main types: limited, generalized, linear (including LS en coup de
sabre), or mixed LS and eosinophilic fasciitis (Shulman syndrome) [18, 19]. LS
differs from systemic sclerosis, in that the sclerosing process is confined to the skin
and does not involve other organs. It is characterized by chronic inflammation in the
dermal and subcutaneous compartment of the skin and excessive accumulation of
collagen. Clinically, LS manifests with single, multiple or generalized sclerotic
plaque(s). Depending on the type of LS, the sclerotic process might also affect the
joints and result in restricted joint motility. In contrast to SS, no vascular abnormali-
ties are found in LS.

Common therapies for sclerotic skin disorders include immunosuppressive
agents like methotrexate, cyclosporine, systemic corticosteroids and azathioprine.
Phototherapies, particularly UVA-1 and psoralen plus UVA (PUVA) photochemo-
therapy are also effective treatments for these conditions. In addition to
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anti-inflammatory effects, both UVA-1 and PUVA have been shown to significantly
upregulate the expression of matrix metalloproteinase-1 (MMP-1; collagenase) in
cultured fibroblasts and sclerotic tissue which is essential for degrading accumu-
lated collagen deposits.

In a pioneering study on 58 patients with systemic sclerosis, Foerster et al. [21]
made use of the transdermal heating of WIRA and investigated its effect on
scleroderma-associated RP. Ten irradiations with wIRA not only significantly atten-
uated cold response and reduction of subjectively felt RP severity but also decreased
the modified Rodnan skin score (a validated score to measure overall skin sclerosis)
and scleroderma-associated arthralgia.

Based on demonstrating beneficial effects of wIRA in a child with linear sclero-
derma [22] and in a small case series of three patents with morphea [23], von Felbert
et al. [24] treated ten patients with localized scleroderma (aged 6-62 years) who had
not responded to previous conventional therapies. wIRA irradiations of 20-30 min
duration were administered two to five times weekly for a maximum of 18—48 ses-
sions, depending on the intermediate therapeutic outcome. Marked improvements
(reduction of erythema and sclerosis and diminished pruritus and discomfort) were
observed in 7 of the 10 patients, with durometry confirming a decrease in skin scle-
rosis in 3 patients. Of note, none of the responding patients relapsed during a fol-
low-up period of 1-7.5 years, pointing towards a sustained therapeutic effect of
wIRA in patients with LS. No side effects of wIRA were reported.

The mechanisms via which wiIRA affects sclerotic tissue remain to be eluci-
dated. Using a filtered near-infrared light source (Ifraray-A, model IRA-800, emis-
sion mostly between 700 and 1300 nm) Danno et al. [25] found a significant
upregulation of MMP-2 (gelatinase) in cultured fibroblasts after exposure to infra-
red-A irradiation. Likewise, TGF-p1 secretion by cultured keratinocytes was
enhanced by the irradiation. TGF-f1 has been shown to stimulate the production of
MMP-2 while reducing the synthesis of MMP-1 and MMP-3 (stromelysin).
Discordant with UV-based phototherapies, exposure of cultured human fibroblasts
to wIRA at fluences of up to 1200 J/cm? did not cause systematic induction of
MMP-1 expression [26]. It remains to be unravelled how these experimental find-
ings can be reconciled with the observed clinical effects of wIRA in patients with
SS or LS, since studies attempting to unravel its mode of action in diseased skin are
so far lacking.

Currently, an explorative prospective bicentric intraindividual comparison study
investigating the effects of wIRA in patients with morphea and sclerotic cutaneous
GVHD is being performed at two phototherapy centers in Austria. For this, wIRA is
being directed to a selected target area thrice weekly for 30 min over a total study
period of 20 weeks. The primary endpoint of the study will be the change in skin
thickness, as measured by high frequency ultrasound sonography (22 MHz) which
is a sensitive and reliable tool for assessing the extent of cutaneous sclerosis.
Secondary endpoints are treatment-induced changes in the modified Rodnan skin
score, skin hardness (measured by durometry), range of motion and the patient
global impression of change scale. Termination of the study and analysis of the data
are expected for the second half of 2022.
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In summary, the use of wIRA represents an exciting concept and strategy in the
treatment of sclerosing skin disorders that often pose a therapeutic challenge.
However, data on the effectiveness of wIRA remain scarce and further studies are
required to further assess the future value and role of wIRA for managing these
diseases.

18.2.3 Common Cutaneous Warts

Cutaneous warts are caused by infection of keratinocytes by human papillomavi-
ruses (HPV). They most often occur in childhood with a prevalence rate of up to
33% among children between 6 and 12 years of age. Spontaneous regression is
common, and a clearance rate of 50% has been reported in schoolchildren within an
observation period of 1 year. Apart from watchful waiting, treatment options include
chemical, physical and surgical removal, or immunostimulating agents. However,
occasionally treatment-resistant disseminated cutaneous warts can be present in
children and adults, particularly in the context of immunosuppression [27].

Evidence of a beneficial role of wIRA in the treatment of recalcitrant common
warts on the hands and feet has been provided by a randomized, placebo-controlled
trial on 80 patients that were divided into 4 groups of 20 patients each. After pre-
treatment with salicylic acid and curettage, the patients received four different types
of photodynamic therapy. Group I: application of 20% 5-aminolaevulinic acid
cream followed by irradiation with visible light (VIS) and wIRA; group 2: applica-
tion of 20% placebo cream followed by irradiation with VIS and wIRA; group 3:
application of 20% 5-aminolaevulinic acid cream followed by irradiation with VIS;
group 4: application of placebo cream followed by irradiation with VIS. One to
three PDT sessions were performed at 3-week intervals. Additional exposure to
wIRA significantly increased the therapeutic response. In particular, the number of
completely cured patients and vanished warts in the two wIRA groups 1 and 2
amounted to 42% and 72%, respectively, 18 weeks after termination of treatment,
whereas the respective values for patients in group 3 and 4 were only 7% and 34%.
These data indicate that wIRA might be a useful adjuvant measure for resolving
treatment-resistant common warts [28].

18.2.4 Further Dermatological Indications for wiRA

A number of studies have shown that IR in conjunction with contact cooling can
effectively and safely reduce facial skin laxity [29-32]. The underlying mechanisms
are considered to be mainly heat-dependent. Dermal heating induces a breakdown
of hydrogen bonds and a change in collagen structure with subsequent formation of
new collagen. The generation of inflammatory responses leads to fibroblast prolif-
eration and upregulation of collagen expression.

An interesting concept is the use of wIRA as a penetration enhancer for topically
applied drugs. To this end, Otberg et al. [33] have been able to show an increased
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epidermal penetration depth of the hydrophilic dye fluorescein when applied imme-
diately before or after irradiation of the skin with wIRA over 30 min. This effect was
attributed to a wIRA-induced rise in hydration of the stratum corneum that was
confirmed by laser scanning microscopy.

Importantly, wIRA may also be considered in photodynamic therapy (PDT) as
an alternative light source to red-light emitting halogen or LED lamps. PDT is a
highly effective and widely used treatment for patients with non-melanoma skin
cancer and particularly field cancerization with multiple actinic keratoses. PDT is
based on the topical application of a photosensitizer prodrug (5-aminolevulinic
acid, 5-ALA, and methyl aminolaevulinate, MAL) which is preferentially metabo-
lized in malignant cells to protoporphyrin IX (PP IX), within which it acts as a
powerful photosensitizer. Subsequent illumination with PP IX activating wavebands
(mostly red light with a peak around 630 nm) initiates photodynamic reactions that
ultimately result in the destruction of malignant cells. The major side effect of PDT
is pain during illumination which occasionally necessitates discontinuation of treat-
ment. Two randomized controlled studies in patients with multiple actinic keratoses
comparing PDT with a broadband VIS + wIRA radiator versus an LED lamp or an
incoherent halogen light source have demonstrated that illumination with the VIS +
wIRA device significantly lowered pain scores, while at the same time resulted in
comparable clearance rates [34, 35].

18.3 Practical Considerations

Treatment procedures with wIRA are essentially simple. A device such as the
hydrosun®750 radiator allows a homogeneous irradiation of a 25 cm in diameter
treatment area. The distance between radiator exit and the skin is set at 30 cm and is
assured through an attached holding rod. The beam is delivered in a perpendicular
angle and irradiance at skin surfaces amounts up to 200 mW/cm? (+10%). The treat-
ment usually lasts 20-30 min and generates a warm, most often pleasant feeling in
the irradiated skin area. In case a patient complains about excessive heat, the dis-
tance to the radiator exit can be extended. Rarely, the heat feeling is perceived as
pain and irradiation needs to be stopped. Special care should be taken in wound
patients with impaired sensory perception, for example, due to diabetic polyneu-
ropathy. However, despite its frequent use, there are as yet no reports on wIRA-
induced skin burns. Although there is no evidence that accidental wIRA exposure
might be harmful to the eyes, for safety reasons, the patients’ eyes are protected by
infrared radiation blocking goggles during the application period.

18.4 Conclusion and Future Outlook

In conclusion, wIRA is an interesting and promising (photo-)therapeutic modality
for a heterogeneous group of dermatological skin disorders. wIRA is easy to use
and has an excellent benefit-to-risk ratio. The treatment hardly causes any acute side
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effects and is not known to be associated with any long-term hazards. Thus, wIRA
can be used across all age groups, in pregnant and breast-feeding women, in
immune-competent and immune-compromised patients and in patients with a his-
tory of cancer. Given its safety, wIRA can also be performed as a home treatment.
Future studies are required to shed more light on its mode of action and generate
additional clinical data on its effectiveness and optimized protocols for treating skin
disorders.
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19.1 Introduction

Rheumatologic disorders comprise various conditions having different etiologies
and pathogeneses. The leading clinical symptoms are chronic joint pain and muscu-
loskeletal impairment. With regard to pathogeneses, systemic autoimmune inflam-
matory diseases can be categorized as rheumatoid arthritis (RA), spondyloarthritis
(e.g., axial spondyloarthritis, axSpA), connective tissue diseases and vasculitides.
Rheumatic conditions such as osteoarthritis (OA) and fibromyalgia (FM) have no
associated systemic inflammation.

The optimal treatment and management of rheumatologic disorders consist of
non-pharmacological and pharmacological strategies. Physical therapy plays an
important role in treatment algorithms and is therefore implemented in the relevant
care guidelines [1-3]. The use of hyperthermia (HT) in physical therapy is a classi-
cal and developing therapeutic approach which can be applied in different forms.
An established variant of HT is water-filtered infrared A (WIRA) therapy, which can
be applied locally or systemically (whole-body). To date, local wIRA application
has been tested in the context of rheumatological disorders in different entities (RA,
axSpA, OA and FM), with whole-body wIRA treatment leading to pain reduction in
patients with axSpA or FM [4, 5].

This chapter reviews the current state of research into the clinical effects of
locally applied wIRA (using a wIRA radiator) in the field of rheumatism.

19.2 wlIRA: Clinical Experiences in Rheumatology
19.2.1 Axial Spondyloarthritis (axSpA)

In 1996, Falkenbach et al. [6] published a clinical trial investigating the impact of
wIRA on the cervical rotation mobility and sensation of pressure pain in the neck
region of subjects with axSpA (n = 11) and subjects with degenerative disorders of
the spine (n = 11). wIRA irradiation was applied as a monotherapy over 20 min with
the irradiation field focused on the vertebrum prominens. Data were collected
before, during and 10 min after the intervention. In both cohorts, the range of motion
in transverse plane increased significantly. Using a pressure algometer, pain was
quantified bilaterally on defined (trigger)-points of musculus (m.) trapezius supe-
rior, m. supraspinatus, and m. infraspinatus. Although significant changes in the
sensitivity of pain during the intervention were not detected in either group, a trend
towards an augmented level of sensitivity was described. The authors assumed that
the improved cervical mobility was due to a modified elasticity of collagen in tissue
triggered by wlRA irradiation and not an alleviation of pain.

In 2019, Xu et al. [7] investigated the effects of wIRA treatment on sacroiliitis in
patients with active axSpA. The pharmacological therapy of the exclusively male
probands (n = 120) consisted of methotrexate and non-steroidal anti-inflammatory
drugs (NSAIDs). The patients were split randomly into two groups. The interven-
tional group received regional wIRA therapy focused on the sacroiliac joints twice
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daily for 20 min each in a sequence of 5 days. After an interval of 24 hours, wIRA
therapy was switched to the control group (crossover design). Significant decreases
in morning stiffness and pain, as measured with VAS (visual analogue scale) scores
(0—100 mm) and the Bath Ankylosing Spondylitis Disease Activity Index (BASDAI),
a validated questionnaire to assess disease-specific disease activity, were observed
after the intervention. The following blood serum data were additionally assessed:
levels of C-reactive protein (CRP) declined significantly under wIRA treatment and
increased after completion. Levels of vascular endothelial growth factor (VEGF)
only showed a slight downward trend. An increase in the resistance index of sacro-
iliac joint assessed by ultrasonography may be interpreted as a sign of attenuated
inflammation.

In 2020, a prospective randomized controlled trial evaluating the effects of seri-
ally applied wIRA irradiation on patients with an active axSpA was reported by
Klemm et al. [8], allowing only pharmacological therapy with NSAIDs. In the con-
text of a 7-day multimodal rheumatologic treatment, the intervention group (n = 36),
in comparison with the control group (n = 35), also received wIRA irradiation twice
daily for 30 min (a total of 12 applications). The radiation field encompassed the
lower thoracic and lumbar area. A numeric rating scale (NRS) demonstrated a sig-
nificant reduction of pain (primary outcome parameter) in the intervention group,
with about 75% of the treated cohort reducing their pain medication after the com-
pletion of the trial. Approximately one-third of the treated patients discontinued
their NSAID medication. The authors related these findings to a significant reduc-
tion of the levels of tumour necrosis factor a (TNFa) in the wIRA group after the
intervention. As secondary outcome parameters, BASDAI and Bath ankylosing
spondylitis disease functional Index (BASFI), a validated questionnaire to assess
disease-specific functionality, were suggestive of beneficial effects. However, no
statistically significant differences in these indices were found between the groups.
According to the authors, the design of the trial could have influenced this outcome
in terms of a bias due to the multimodal rheumatologic treatment for all probands.
Furthermore, BASDAI and BASFI are regarded as tools detecting differences par-
ticularly in longer time periods. No adverse or severe adverse events were
documented.

19.2.2 Osteoarthritis (OA)

Osteoarthritis (OA) was one of the first rheumatologic disorders for which the anal-
gesic effects of WIRA were tested. In 1992, the first experiences of locally applied
wIRA in patients with gonarthrosis (n = 52) or coxarthrosis (n = 63) with pain as
leading symptom were reported by Goltermann (extracted from [9]). This study also
included subjects with non-rheumatological disorders such as lumbago. Therapy
with anti-rheumatic agents, glucocorticoids or painkillers was exclusion criteria.
For the study, patients were treated for 20-35 min on a total of 10 occasions at inter-
vals of 1 or 2 days. About one-third were regarded as responders, as defined as at
least considerable reduction of pain post-interventional. Worsening pain under
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therapy was reported by one patient with gonarthrosis and two patients with
coxarthrosis.

In the same year, positive effects of wIRA (for 20 min three to five times per
week on 10-20 occasions) in reducing pain for patients (n = 26) with degenerative
musculoskeletal alterations such as gonarthrosis were presented by Scherf et al.
(extracted from [9]). Subjects with non-rheumatological disorders were also
included, analogous to Goltermann. Outcomes and findings were based on the sub-
jective assessment of the investigators.

In 1995, Merle et al. reported two case series of patients with osteoarthritis of
the knee (n = 10) and hand (n = 10) treated with wIRA therapy (extracted from [9]).
A control group received conventional, unfiltered infrared irradiation. A defined
exclusion criterion was secondary OA caused by, for example, inflammatory rheu-
matologic diseases. The knee irradiation in both groups was applied twice weekly
for 30 min on 10 occasions. The treatment regime of the hands was approximately
twice weekly for 20 min on 12 occasions. NSAIDs could be taken as required. The
intensity of pain, which was measured using a rating scale (0 = no pain to
6 = unbearable pain), reduced in the treated group in comparison to the control
group. The requirement for painkillers also declined in the treated group. However,
the low number of cases in this study requires that its findings are regarded as
explorative.

To re-evaluate and confirm the effects of wIRA on gonarthrosis, Schuester et al.
[10] designed a randomized controlled trial, the results of which were published in
2020. In this study, patients (n = 54) were required to irradiate their predominant
knee at home for 30 days for at least 60 min per day. The control group (n = 54)
continued their standard therapy. The wIRA intervention significantly reduced pain
under stress and improved quality of life, as quantified using the VAS score (VAS
0-100 mm), with twice as many subjects in the intervention group (20 vs. 10) stat-
ing that they could walk pain-free for an unlimited distance post-intervention. The
Knee Injury Osteoarthritis Outcome Score (KOOS) in all its categories showed a
trend to improvement, albeit without being statistically significant. No substantial
changes in additional outcome parameters, such as the range of motion and the
length of one leg stand, were observed. The intake of analgesics (NSAIDs) was not
monitored. Two female subjects undergoing wIRA therapy stopped therapy because
of increasing pain. Chronic venous insufficiency (CVI), one of their common
comorbidities, was reported as the trigger for pain. The discontinuation of treatment
led to rapid recovery without consequences. This adverse event is remarkable and
was discussed as an exclusion criterion by the authors.

19.2.3 Fibromyalgia

In a controlled observational study, Kriiger et al. [11] addressed the effects of serial
exercise plus WIRA therapy in patients with fibromyalgia (FM), with the control
group undergoing exercise therapy alone. Patients received 12 treatment sessions of
30 min each over 4 weeks. Clinical effects were measured using the Fibromyalgia
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Impact Questionnaire (FIQ), a validated measurement of health status in FM. wIRA
irradiation significantly reduced pain and increased overall well-being.

19.2.4 Current Research Activities

We are currently investigating the effectiveness of applying wIRA to both hands of
patients with osteoarthritis, non-inflammatory arthralgia and recent-onset arthritis in an
observational study. In this study, adult subjects received wIRA for 30 min, three times
aweek (15 min from palmar and dorsal, respectively) over 4 weeks. Anti-inflammatory
therapy (e. g., glucocorticoids) is one of the exclusion criteria. The following outcome
parameters are evaluated: patients’ global, physicians’ global, patients’ pain (each VAS
0-100 mm), duration of morning stiffness, tender joints, swollen joints, clinical disease
activity index (CDAI) and the self-reported functional score HAQ (Health Assessment
Questionnaire). Musculoskeletal ultrasound in grey-scale and power Doppler are also
being performed. Preliminary data on patients with hand OA (n = 14), and non-inflam-
matory arthralgia (n = 2), predominantly females, reveal a reduction of mean (SD)
patients’ global from 52 mm (25) to 36 mm (27; p = 0.003), physicians’ global from
16 mm (9) to 12 mm (8; p <0.001), and patients’ pain from 46 mm (26) to 32 mm (24;
p = 0.008) from baseline (BL) to week 4. No positive effect of wIRA on the duration
of morning stiffness has been detected {mean (SD) 21.8 min (29.5) at BL, 22.2 min
(31.5) after 4 weeks}. The number of tender/swollen joints only tends to be reduced.
CDAI was significantly reduced from 13.0 (7.7) at BL to 9.8 (8.0) after 4 weeks
(p = 0.001). In addition, HAQ was significantly reduced from 0.7 (0.5) at BL to 0.5
(0.4) at week 4 (p < 0.001) (Abstract submitted to DGRh, 2021). The study and further
inclusion of eligible subjects is on-going. The researchers intend to compare the effects
of wIRA in the three different aforementioned conditions.

19.3 Discussion and Summary

Rheumatologic diseases are predominantly chronic with potential progressive
courses which cover a broad field of different conditions. Joint pain is a leading
symptom and the core therapeutic effects to deliver include pain reduction, func-
tionality improvements and a deceleration of disease progression. A multimodal
therapy including pharmacological and non-pharmacological treatment options is
favoured. The chronic aspect of rheumatologic diseases often requires long-term
therapies. Therefore, compliance and therapy adherence are required. In this con-
text, the easy handling (portable wIRA irradiator), safety aspects and lack of adverse
events upon WIRA treatment should be considered.

Referring to the above studies and considering the aforementioned aspects,
locally applied wIRA reveals therapeutics benefits in the field of rheumatologic
disorders, and thus can be recommended as an additive treatment option. Especially
in patients with axSpA, OA and FM, wIRA therapy applied locally and serially
leads to a strong relief of pain.
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wIRA significantly reduces lower back pain in axSpA and sacroiliitis. The find-
ings of Klemm et al. [8] that NSAID intake is reduced after wIRA therapy suggests
it might help to minimize the side-effects of long-term NSAID therapy, and be
especially appropriate for patients with contraindications for NSAIDs. Locally
applied wIRA also reduces levels of the acute-phase protein CRP and the proinflam-
matory cytokine TNFa. These findings confirm those of Tarner et al. [12] who have
reported decreasing TNFa levels after mild whole-body HT induced by wIRA. Taken
together, these findings indicate that a disease modifying capacity on its own is at
play, and that wIRA could act as a useful complement to TNFa-inhibitors for treat-
ing axSpA.

In OA of the hands, knees and hips, the first explorative studies that were already
performed in the 1990s reported pain reduction after wIRA treatment. More recently,
Schuester et al. [10] confirmed these findings and also demonstrated an increased
quality of life after wIRA therapy. Merle et al. (extracted from [9]) reported on a
reduced demand for analgesic medication after wIRA treatment; however, these
findings need to be validated in a larger study. As worsening pain temporally related
to wIRA was reported occasionally in patients with OA of the knee/hip [9, 10]; it is
necessary to be careful with patient selection. In two cases, retrospective chronic
venous insufficiency has been considered as a causative trigger.

Irradiation with wIRA was also an effective therapy in patients with FM and
pain, a key symptom in this disease. Multimodal combination therapies are neces-
sary as FM is difficult to treat. The good safety and good tolerability of wIRA
makes it an excellent candidate for combination therapies with standard approaches.

19.4 Limitations

The number of trials investigating the effects of locally applied wIRA in rheumato-
logic disorders is limited so far, and their level of evidence differs. Additional limi-
tations are the lack of standardization in the treatment protocols (optimal intensity,
e.g., frequency, duration and course of treatment for each disorder need to be
defined), and the lack of follow-ups make it difficult to assess beneficial effects of
wIRA in the longer term. Additionally, head-to-head studies of local wIRA therapy
and other thermal interventions are necessary in order to generate robust compara-
tive evidence.

19.5 Outlook

Other rheumatologic disorders should be considered for wIRA therapy. Beneficial
effects on patients with secondary Raynaud’s phenomenon (RP) in the context of
systemic sclerosis could be possible and the value of wIRA as adjuvant therapy to
help reduce the frequency, duration or intensity of Raynaud attacks could be envi-
sioned. Foerster et al. [13] found positive effects of mild whole-body hyperther-
mia induced by wIRA irradiation on scleroderma-associated RP. Furthermore,
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positive trends for skin manifestation and arthralgia have been reported. A case
study of a 6-year-old girl with progressive linear morphea affecting the left upper
extremity by von Felbert et al. [14] demonstrated therapeutic success after wIRA
therapy in terms of softening sclerotic skin lesions and reducing functional impair-
ment. The capacity to deliver wIRA locally with a radiator in children underlines
the tolerability of the treatment. Evaluating the effects of wIRA on patients with
sclerosing skin changes requires further research. Raynaud’s phenomenon also
occurs in other connective tissue diseases, such as systemic lupus erythematosus
(SLE) or dermatomyositis (DM), which might increase photosensitivity of the
skin as a potential contradiction to wIRA therapy. The possible influence of local
and whole-body hyperthermia on proven and possible influences on the network
of the mucosal and systemic immune system has been considered [15], but needs
to be further evaluated.
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20.1 Introduction

Axial spondyloarthritis (axSpA) is a chronic inflammatory rheumatic disease
mainly affecting the axial skeleton [1] with a prevalence of 9-30 per 10,000 in the
general population, and an incidence of about 3.1 per 100,000/year [2, 3]. Although
patients with axSpA typically present with chronic back pain and stiffness of the
pelvis and lower back, any part of the spine and even the peripheral joints can be
affected [1]. AxSpA leads to an increased morbidity and mortality, and affected
patients often experience a loss of function as most patients develop structural
changes of the axial skeleton at some point in their lives [1, 2]. The term “axSpA”
thereby includes patients who have already developed structural and radiologically
assessable damage (radiographic axSpA, r-axSpA, formerly called ankylosing
spondylitis) and patients without such damage (non-radiographic axSpA, nr-axSpA)
[1]. Since axSpA is a chronic, non-curable disease with potential for a severe dis-
ease progression, lifelong pharmacological therapy is common [1, 4]. Treatments
aim to maximize health-related quality of life by controlling symptoms and inflam-
mation, preventing progressive structural damage, preserving/normalizing function
and social life [4]. Regarding pharmacological treatment, patients with active
axSpA are initially treated with non-steroidal anti-inflammatory drugs (NSAIDs).
For patients with inadequate responses to NSAIDs, biological disease modifying
anti-theumatic drug (bDMARD) therapy can be started [1, 4]. Innovations and
advances in disease modifying anti-rheumatic drugs (DMARDs) over the last two
decades have led to the so-called “biologic era” which has delivered effective phar-
macological therapy for rheumatic diseases, and especially for axSpA [5].
Nonetheless, current data from the German Collaborative Arthritis Centers show
that a significant proportion of patients with axSpA continue to have moderate to
high disease activity despite these pharmacological treatments [6]. Concerning
trends in outcomes for axSpA, two aspects can be considered. For one, the propor-
tion of patients with good functional status has increased from 36% in 2000 to 49%
in 2012 in Germany. On the other side, more than 50% of patients with axSpA
continue to experience at least a limited functional status [7]. In addition, periods of
flares (clinical worsening) and remission are common for inflammatory rheumatic
diseases, in general, and are frequent in axSpA [8]. The term “flare” is poorly
defined and often interpreted differently by rheumatologists and patients and has
not been well investigated [9]. However, a definition for a clinically relevant exac-
erbation in axSpA which has recently been established for use in clinical trials
based on the Ankylosing Spondylitis Disease Activity Score (ASDAS) [8] may
encourage further research and promote reproducibility. Nevertheless, flares seem
to occur quite frequently. About 74% of patients primarily treated with NSAIDs
[10] and 25% of patients primarily treated with bDMARDSs report at least one flare
[11], both within a 3-month-period. Although not always long-lasting (>3 days),
flares are related to a decrease in physical activity and well-being [11]. In addition,
as flares remain quite common even under (stable) bDMARD-therapy [11], not
every flare can lead to a change in pharmacological treatment. Therefore,
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recommendations by the Assessment of SpondyloArthritis International Society
(ASAS)/European League Against Rheumatism (EULAR) for the management of
axSpA clearly recommend a combination of non-pharmacological and pharmaco-
logical treatment for optimal management [4]. In non-pharmacological treatment,
physical therapy (PT) interventions play a central role in the treatment algorithm of
axSpA [12, 13].

The use of hyperthermia in physical medicine, in particular in axSpA in the form
of whole-body hyperthermia (WBH) applications, such as mud baths, low-dose
radon exposure in combination with WHB, overheating baths, and water-filtered
infrared A irradiation (WIRA-WBH), have been shown to reduce pain and disease
activity [14—18]. Additionally, the use of WBH in treating axSpA has an effect on
pro- and anti-inflammatory cytokines [17-19].

wIRA is a special form of infrared irradiation in the range of 780-1400 nm with
high tissue penetration and low thermal load on the skin surface, which is easy to
apply and contact-free [20]. wIRA has both temperature-dependent and non-thermal
effects, the latter not associated with relevant thermal energy transfer and/or rele-
vant temperature changes [20].

Based on the positive effects of wWIRA-WBH in axSpA [16], we have used loco-
regional wIRA (serial locally applied wIRA, or sl-wIRA) on the back to achieve
positive effects in axSpA. Therefore, we investigated the effects of sI-wIRA on (1)
pain levels, (2) disease activity and functionality, (3) levels of molecular markers of
disease activity, and (4) dosage of non-steroidal anti-inflammatory drug
(NSAID) [21].

20.2 Trial Design

To evaluate the effects of sI-wIRA on the back of patients with axSpA, we con-
ducted a prospective monocentric randomized controlled trial with an assessor-
blinded parallel group design. Participants were randomly assigned in a 1:1 ratio to
one of two treatment groups using simple randomization procedures (computerized
random numbers). All patients aged 18—80 with axSpA fulfilling the ASAS classifi-
cation criteria [22] receiving stable NSAID therapy or stable non-pharmacological
therapy for at least 4 weeks prior to treatment with moderate disease activity defined
by a Bath Ankylosing Spondylitis Disease Activity Index (BASDAI) of four to
seven receiving an inpatient 7-day multimodal rheumatologic complex treatment
(MRCT) were eligible [21].

Both the intervention group (IG) as well as the control group (CG) received a
7-day MRCT in an inpatient setting. MRCT is a specific concept of German
inpatient care which focuses on physical therapy in addition to occupational ther-
apy, behavioral therapy, and patient education for patients with rheumatic dis-
eases suffering from exacerbated pain and functional impairment [23, 24]. The
7-day MRCT delivered 11 h of different MRCT modalities to each patient, with
every modality being applied for a duration of 30 min. In total, 22 applications
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(7% physiotherapy, 3x pain processing strategies, 7x classic massage, 3x electro-
therapy, 2x patient disease training program) were delivered to each patient. In
addition, the IG received standardized sI-wIRA treatment of the back (2 applica-
tions daily [morning/afternoon] for 30 min for 6 days totaling in 12 applications)
using a Hydrosun®750 radiator. Irradiation was applied vertically in an irradia-
tion field of 25 cm encompassing the lower thoracic and lumbar area in prone
position.

20.3 Trial Outcomes

A total of 71 patients were recruited and completed the trial; all of them could be
analyzed (35 patients in the IC and 36 patients in the CG) [21]. The mean age was
51 years with a mean disease duration of 5.9 years. Disease activity, disease-
related functional capacity, and disability between the groups were comparable
(Table 20.1).

20.3.1 Effects of wIRA on Lower Back Pain

wIRA treatment led to a significant between-group difference in pain after the inter-
vention (95% confidence interval (CI), —2.8 to —0.8, p = 0.006). The IG experi-
enced a significant improvement of —1.6 + 0.3 (mean + standard error [SE]) from
baseline to after the intervention (95% CI, —2.2 to —0.9, p < 0.001), whereas the
control group experienced a nominal improvement of —0.3 = 0.2 (95% CI, —0.8 to
0.1, p = 0.088) (Table 20.2). Furthermore, an onset of a significant analgesic effect
of sI-wIRA treatment could be seen immediately after two applications, on the eve-
ning of day 1 in the IG, with a significant between-group difference. Subsequently,
significant differences in the IG (before and after treatment) and between groups
were found in each comparison. Analgesic effects did not vanish after night rest at
day 2 and cumulatively increased as pain values progressively decreased at each
reading (Table 20.3).

Table 20.1 Patient and disease characteristics at baseline (values are means + SD)

Intervention group (n = 36) Control group (n = 35)

Age (years) 51.7 £ 10.8 51.1+£10.2

Disease duration (years) 58+42 6.1 4.5

Sex (female/male) 24 (66%) / 12 (34%) 24 (68%) / 11 (32%)
HLA-B27 positivity 30 (83%) 32 (91%)

BASDAI 48+ 1.8 4.6+2.1

BASFI 41+22 45+2.6

NSAIDs 34 (94%) 32 (91%)

BASDAI bath ankylosing spondylitis disease activity index, BASFI bath ankylosing spondylitis
functional index, NSAIDs non-steroidal anti-inflammatory drugs.
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Table 20.2 Change in pain levels (Numeric Rating Scala, or NRS) between baseline and after-
trial completion. Mean + standard deviation and [min; max] are displayed for values at certain time
points. Differences are displayed using mean =+ standard error

Baseline After intervention Difference p-value (95% CI)
IG (n=36) 4.1 £241[0;8] 2.6=2.0[0;7] -1.6+0.3 <0.001 (-2.2to —0.9)
CG (n=35) 48+25[1;9] 44+22[1;8] -0.3+0.2 0.088 (-0.8t00.1)
p-value (95% CI) 0.006 (—2.8 to —0.8)

IG intervention group, CG control group, CI confidence interval.

Table 20.3 Onset and development of sl-wIRA effects on pain levels. Pain levels (NRS) were
assessed at days 1, 2, 5 and 6 before and after treatment (2 applications of wWIRA on the lower back
per day, 12 applications in total). Mean + standard deviation and [min;max] are displayed

Intervention group Control group
(n=136) (n=35) p-value**

Baseline (day 1 before treatment) 4.1 + 2.4 [0;8] 4.8 +2.5([1;9]

Day 1 after treatment 3.5+£2.2[0;8] 4.7+23[1;9]

Difference (p-value*) —0.7 = 1.2 [-3:4] —0.1+0.6 [-1;1] p <0.001
(p <0.001) (p <0.405)

Day 2 before treatment 3.9 +2.210;8] 4.8 +22[1;8]

Day 2 after treatment 3.3+2.21[0;7] 48 +2.2([1;9]

Difference (p-value*) —-0.6 = 1.1 [-3;2] —0.0+0.7 [-1;1] p <0.007
(p <0.005) (n.s.)

Day 5 before treatment 3.6 £2.3[0;8] 4.8 +2.1[1;8]

Day after treatment 3.1 +£2.2[0;7] 45+2.1[1:8]

Difference (p-value*) —-0.5+£0.9[-3;1] —-0.3+£0.9[-2;2] (n.s.)
(p =0.003) (p=0.032)

Day 6 before treatment 3.3+£2.41[0;8] 4.6 +£2.3[1;9]

Day 6 after treatment (trial 2.6 £2.0[0;7] 4.4 +221[1;8]

completion)

Difference (p-value*) —0.7 = 1.0 [-3;1] —0.2+0.6 [-1;1] p <0.023
(p < 0.0005) (n.s.)

*p-values of the Wilcoxon test for intra-group differences to compare two related samples.
**p-values of the Mann—Whitney test for between-group differences in differences between both
treatment arms.

20.3.2 Effects of wiRA on Disease Activity and Functional
Impairment in axSpA Patients

Both the IG and the CG experienced a significant reduction of disease activity, as
measured by BASDAI, whereas only patients in the IG experienced a significant
improvement in functionality, as measured by BASFI. There was no significant dif-
ference between the IG and the CG in BASFI nor BASDALI after trial completion.
BAS-G, which reflects the effect of axSpA on the patient’s well-being, was signifi-
cantly changed in the IG with a mean difference (+SD) of —0.5 = 1.1 (p = 0.0006),
whereas a significant difference was just missed in the CG (p = 0.051) (Tables 20.4
and 20.5).
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Table 20.4 Change in functionality and disease activity between baseline and after-trial
completion

p-value
TO (baseline) T1 (after trial completion) Difference (Wilcoxon test)
BASFI IG(n=36) 4.1%+22 37+£22 -0.4+0.9 0.004
CG(n=35) 45+26 41+25 —-0.4+1.3 0.055
BASDAI 1G (n=36) 4.8+1.8 42+1.8 -0.6+1.1 0.004
CG(n=35 46+2.1 41+23 -0.5+1.0 0.007

BASDAI bath ankylosing spondylitis disease activity index, BASFI bath ankylosing spondylitis
functionality index, /G intervention group, CG control group, axSpA axial spondyloarthritis.
Functionality was measured using BASFI, disease activity was measured using
BASDALI Mean =+ standard deviation and [min; max] is displayed. BASDAI is a validated tool for
assessing disease activity of axSpA and contains six questions determining fatigue, back and joint
pain, pain at the tendons and morning stiffness. The BASDAI ranges from 0 = no disease activity
to 10 = maximal disease activity with a score of >4 indicating active disease. BASFI is a validated
tool to determine functional restrictions due to axSpA using 10 questions related to everyday
activities with a BASFI score of 0 indicating no restriction and a score of 10 indicating poorest
functionality.

Table 20.5 Course of BAS-G. Mean =+ standard deviation and [min;max] are displayed for values
at certain time points. Differences are displayed using mean + standard error

TO T1 (after trial p-value
(baseline)  completion) Difference (Wilcoxon test)
IG (n=36) 5.8+2.1 5.3+2.0[0.0;8.5] —0.5+0.18 [-3.0;2.0] 0.006 (—0.89 to —0.16)
[0.0; 10.0]
CG 53+27 44+18[1.0;80] -1.0x0.56[-9.0;3.0] 0.051 (—=2.4 to —0.12)
(n=35) [2.0; 12.0]
p-value (n.s.) (=0.02 to 1.8)

20.3.3 Effects of wiRA on Pro- and Anti-Inflammatory Cytokines

TNF-a levels were only significantly reduced between baseline and trial completion
in the IG, and there was a significant difference in measured TNF-a levels between
the IG and CG. There were no physiologically relevant or statistically significant
changes in serum levels of pro-inflammatory (IL-1 and IL-6) and anti-inflammatory
cytokines (IL-10) either within or between the two groups.

20.3.4 Effects of wiRA on Concomitant Use of Analgesics

Twenty-six (76%) of patients in the IG decreased their NSAID intake after trial
completion (at day 7). Out of these 26, 10 (29.4%) opted to completely stop NSAID
usage at day 7. In contrast, only one patient of the CG decreased NSAID intake.

20.3.5 Adverse Effects

No adverse or severe adverse events were recorded in both groups.
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20.4 Discussion

To the best of our knowledge, this is the first randomized controlled trial to investi-
gate the effects of sl-wIRA on the progressive onset and development of pain and a
range of other clinical parameters and cytokine levels as molecular markers of
inflammatory processes in patients with axSpA [21].

20.4.1 Discussion of Study Data

sl-wIRA as part of a 7-day MRCT significantly reduced pain levels and disease
activity and improved functionality. TNF-a levels significantly decreased. Compared
to the control group, auxiliary sl-wIRA led to significant benefits in terms of pain
reduction (p = 0.006). Whereas the control group showed a non-significant pain
reduction of —0.3 (mean), the intervention group experienced a change in pain lev-
els of —1.6 (mean) (p < 0.0005) in this 6-day-trial.

wIRA application is a rapid acting and effective method to significantly reduce
pain in axSpA. The significant analgesic effect is already measurable after only two
applications and increases with further treatment. The treatment group showed a
significant improvement in pain and BAS-G in comparison to the non-treatment
group with only six treatment days involving two applications per day. Baseline
BASDAI (mean: 4.8 1G and 4.6 CG), BASFI (mean: 4.1 IG and 4.5 CG), and pain
levels (mean: 4.1 IG and 4.8 CG) were elevated as only patients with active axSpA
were eligible for this trial. Since flares, although poorly defined outside of clinical
trials [9], are common in axSpA patients treated primarily with bDMARDs [11] and
in patients treated with NSAIDs [10], sl-wIRA treatment seems to be a good alter-
native to changing pharmacological therapy. A complementary and easy-to-apply
wIRA treatment that can be performed in an outpatient setting seems to be suitable
for initial treatment with a focus on a quick pain reduction, especially when flare
duration is variable. In addition, wIRA can be easily “dosed” by varying (1) the
irradiation distance and thus the irradiance and treatment field as well as (2) the
duration of the irradiation. Pain reduction leads to improved physiotherapeutic
mobilization, ultimately resulting in an improvement in quality of life. In addition,
76% of patients in the IG decreased their dosages of NSAIDs after completion of
the trial to varying extent, with some even stopping NSAID therapy. Although it
cannot be stated how long patients continued with the reduced dosage, potential
side effects of NSAID could be minimized for at least 1 day.

20.4.2 Additional Pathophysiological Aspects

The rapid onset of pain relief lasting for up to 6 days is based on thermal and non-
thermal effects. The thermal effect results from increased blood flow and improved
elimination of accumulated metabolites, such as pain mediators, as well as an
increased metabolic rate due to the increased tissue temperature. The non-thermal
effect results from a direct effect on cellular structures and cells as well as an altered
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skeletal muscle tension with consecutive pain reduction [20]. The pro-inflammatory
cytokines IL-18, IL-6, and TNF-a play a central role in both the inflammatory pro-
cess and the inflammation induced pain [25]. Local nociceptive reactions involve
peripheral polymodal nociceptors expressing glycoprotein 130 (gp 130) which
plays a role in cytokine signaling [26, 27]. Proinflammatory cytokines also induce
systemic effects. For example, IL-6 and PGE, are regulators of the hepatic synthesis
of C-reactive protein (CRP) [25]. A distinction between hyperalgesic mediators,
e.g., prostaglandins, IL-1, -6, -8, TNF-a, and analgesic mediators, such as IL-1, -4,
-10, -13, needs to be made. Cytokine interactions are prominent during inflamma-
tory pain. In the early stage, hyperalgesic mediators dominate, whereas at the same
time analgesically active cytokines are induced by the immune system [26, 27]. A
drop of these mediators may reduce depolarization of the peripheral nociceptors due
to reduced input from ascending neurons in the cortical pain matrix, and therefore
enhance a consecutive decrease in pain sensation.

During inflammation, the nociceptors of the joints are sensitized to mechanical
stimuli and usually mute sensory C-fibers become mechanosensitive [28]. A
decrease in inflammatory mediators could thus influence this process.

Proinflammatory cytokines induce the production of nerve growth factor (NGF)
[28] which activates and sensitizes tropomysin receptor kinase (TrkA)-positive sen-
sitive neurons to mechanical, chemical, and thermal stimuli and changes the proper-
ties of Ad fibers (sensitization). A blockade of NGF-TrkA causes a reduction of
skeletal pain [28]. It is possible that a decrease of the proinflammatory cytokines
reduces the NGF production with consecutive desensitization of TrkA-positive-
sensitive neurons. It might therefore be that the significant reduction (p = 0.001) of
TNF-a in the intervention group from (mean) 8.8 pg/mL (baseline) to 5.8 pg/mL
(after-trial completion) with a significant difference between the IG and the CG
(p = 0.01) is of importance, even though no significant changes in the cytokines
IL-1, -6, and -10 after sl-wIRA treatments for 6 days were detected.

The change in TNF-«a levels in the intervention group could possibly explain the
profound effect of the intervention on pain in this study. In a model of knee inflam-
mation for example, reduced TNF-a levels have been shown to have antinociceptive
effects [26]. These effects resulted from a neuronal site of action rather than from a
reduction of inflammation. As the effects on TNF-a appeared only in the interven-
tion group, they are probably related to sl-wIRA treatment. In the context of this
study, we consider the temperature-dependent effects of wIRA to be particularly
important. In addition, previous studies have shown whole-body hyperthermia [14,
15, 17] and whole-body wIRA hyperthermia [16, 19] to influence levels of pro- and
anti-inflammatory cytokines, whereas whole-body wIRA-HT also induced changes
in TNF-a levels [16, 19].

In this study, there was a significant reduction in disease activity, as measured by
BASDAL, in both the IG and CG, whereas only the IG showed a significant increase
in functionality capacity, as measured by BASFI. However, there were no signifi-
cant differences between both groups. Since only patients with axSpA on NSAID
therapy with a BASDAI between 4 and 7 correlating to active disease (moderate to
high disease activity) were eligible to participate, we considered it unethical to test



20 Water-Filtered Infrared A Irradiation in Axial Spondyloarthritis: Heat for Lower... 241

against placebo without any additional active treatment in addition to baseline
NSAID therapy. Therefore, all patients received a 7-day MRCT, which provided
each patient with a high volume (22 units) of physical therapy modalities and were
shown to be effective in treating axSpA in a 14-day program [24]. While this choice
was for the benefit of the patient and may have led to no dropouts in this trial, it may
have influenced outcomes in these secondary parameters of disease activity
(BASDALI) and functionality (BASFI). The more so as the trial period only lasted
7 days, and BASDAI and BASFI were designed as disease-specific outcome mea-
sures to assess differences over a longer period of time and are normally assessed in
routine care once every 12 weeks.

Regarding non-pharmacological treatment in axSpA, although physical therapy
interventions play a central role [4], its potential is often not exploited in everyday
practice [6]. In this study, eligibility criteria similar to those used in randomized
controlled trials for pharmacological treatments were used (BASDAI >4 under
NSAID therapy and DMARD naive) [29]. It could be shown that an enhanced addi-
tive physical therapy reduced pain and disease activity and improved physical func-
tion. Therefore, additive and or enhanced physical therapy should be considered for
every patient with axSpA who has responded poorly pharmacological treatment and
can, in some cases at least, be preferred to pharmacological therapy escalation.

20.5 Summary

This sl-wIRA trial shows that locoregional applied hyperthermia in patients with
axSpA is an effective treatment option to reduce pain in axSpA with rapid onset and
a cumulative beneficial effect with each use as shown over 6 days. Moreover, the
pain reduction thus achieved leads to reduced pain medication, beneficial effects on
inflammation, disease activity, and functional capacity. Therefore, it could be a
valid option to effectively treat patients with axSpA in addition to pharmacological
therapy.
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C. Chlamydia

CXL Corneal cross-linking

dpi Days post infection
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ERK1/2 Extracellular signal-regulated kinases 1/2

HCJE Human conjunctival epithelial cells
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Serpin E1 Serpin Family E member 1, also known as PAI-1 (plasminogen
activator inhibitor 1)

STI Sexually transmitted infection

Vero cells African green monkey kidney cells

WHO World Health Organization

21.1 The Effect of wIRA on Chlamydia
21.1.1 Introducing Chlamydia

Only few bacterial species can claim to be as famous as the chlamydiae, which gained
their notoriety as being a cause of sexually transmitted infections (STI) in humans and
as the ‘koala bug’ known to contribute to the extinction of free-living koalas in some
regions of Australia [1, 2]. However, these are not the only examples of the
Chlamydiaceae family being a threat to both animal and human health. To date, 14
different Chlamydia species have been reported to infect various mammals, birds, and
reptiles [2]. A common feature of all these chlamydial species is the obligate intracel-
Iular lifestyle involving infection of the cell by the infectious elementary bodies (EBs),
and their transformation into reticulate bodies (RBs) inside a vacuole termed inclu-
sion. After several rounds of replication by binary fission, RBs transform back into
EBs and exit the cells by extrusion or cell lysis [1]. In contrast to this specialized
growth cycle, the range of hosts for individual chlamydial species is highly variable.
Whereas Chlamydia (C.) trachomatis almost exclusively infects humans to cause an
STI or the chronic eye disease trachoma [1], the ‘koala bug’ is primarily represented
by C. pecorum, which is also known to infect ruminants and pigs [2].

Generally, these chlamydial infections are treatable with antibiotics such as
azithromycin and tetracycline. However, some chlamydial species have developed
resistance strategies, both naturally acquired and in vitro [3]). Therefore, alternative
and preferably non-chemical therapy strategies are needed to prevent widespread
emergence of antibiotic resistance in the Chlamydiaceae family. Considering these
aspects, wIRA is an excellent candidate as a supportive therapy for difficult-to-treat
chlamydial infections such as trachoma. Moreover, investigating the effect of wIRA
on Chlamydia growth can also serve as a model for the effect of wIRA on other,
slow-growing, intracellular bacteria such as Mycobacterium ulcerans [4].

21.1.2 Establishing an in vitro Model for wiRA Treatment
of Chlamydiae

In vitro models are commonly used to determine the effect of new treatments on the
viability of bacteria. As a result of their obligate intracellular lifestyle, in vitro models
involving Chlamydia require the use of cell cultures for infection, which in turn allows
an investigator to assess whether treatment has any negative impact on the cells.
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For wIRA treatment in vitro, we use a wIRA radiator with attached light probes
allowing treatment of specific cultures in a 24-well plate format (Fig. 21.1a). Initial
wIRA-treatment studies used two different cell lines: Vero cells, a permanent cell
line derived from African green monkey kidney cells, and HeLa cells, a human
cervical cancer cell line. Prior to chlamydial infection, any potential impact of
wIRA on the host cells must be evaluated. A resazurin viability assay and expres-
sion/activation of various molecular markers of stress and autophagy/apoptosis,
specifically the stress kinases Akt, p38, and ERK1/2, the autophagy marker LC-3B,
as well as cleaved Caspases 7 and 9 (markers of apoptosis) have consistently shown
that wIRA has no negative impact on the viability of either cell line (Fig. 21.1b)
regardless of irradiances used ranging from 620 to 3700 W/m? [5]. This confirms
that wIRA does not damage in vitro cultured cells upon treatment [5].

wIRA treatment can be applied either on the infectious, extracellular (EB) chla-
mydial form or on the intracellular dividing (RB) form within inclusions. Studies
have shown that the anti-chlamydial activity of wIRA is effective in both an in vitro
animal model consisting of Vero cells infected with the porcine C. pecorum strain
17108, and in an in vitro human genital model for which HeLa cells are infected
with serovar E (genital serovar) of C. trachomatis [5, 6]. Treatment of EBs with
wIRA prior to infection strongly reduces the infectivity of chlamydiae in both mod-
els (Fig. 21.1c). Furthermore, a single application of wIRA toward the end of the
chlamydial lifecycle (40 hours post infection, hpi), when fully developed chlamyd-
ial inclusions are present, reduces the amount of infectious progeny by approxi-
mately 40% (Fig. 21.1d). This effect is even more pronounced following repeated
irradiation over time (24 hpi, 36 hpi, and 40 hpi), resulting in a reduction by almost
75% in the human genital model. Ultrastructural morphology after wIRA treatment
reveals a reduction of total bacterial bodies per inclusion as well as severe disrup-
tion of the chlamydial developmental stages (Fig. 21.1e) [5].

The anti-chlamydial activity of wIRA is promising and calls for further investi-
gations and elucidation of potential mechanisms. Initial analyses indicate the rele-
vance of thermal effects which might be, at least in part, responsible for the
chlamydial reduction [5]. However, experiments in temperature-controlled settings
also show that non-thermal effects of wIRA might be equally important for the anti-
chlamydial effect [6]. In conclusion, WIRA has an anti-chlamydial effect in vitro
that is independent of the infection model and does not compromise host cell health.
Furthermore, initial insights into the working mechanism demonstrate that thermal
effects do not fully explain the impact of wIRA on the chlamydiae.

21.2 Insights into wiRA-Induced Anti-Chlamydial
Mechanisms in vitro

21.2.1 Challenges for Elaborating wiRA Mechanisms
in Chlamydia Infection Models

Investigating potential mechanisms underpinning the anti-chlamydial effects of
wIRA in vitro is challenging: Obligate intracellular bacteria like Chlamydia depend
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Fig. 21.1 Establishing an in vitro irradiation model for Chlamydia. Figure modified from [5].
Water-filtered infrared-A irradiation in combination with visible light inhibits acute chlamydial
infection. PLoS One 9. https://doi.org/10.1371/journal.pone.0102239. (a) Shown is the wIRA setup
(left panel) with a close-up of the six light probes (right panel). (b) The results of the resazurin assay
after 4 h of wIRA treatment on HeLa cells demonstrate that the cell viability is not affected by irradia-
tion (left panel), and stress kinase markers are not activated 0, 15, and 30 min following wIRA irra-
diation of HeLa cells for 20 min (right panel). (¢) The number of inclusions per nucleus was counted
following irradiation of EBs for 20 min and compared to the non-irradiated control (left panel).
Representative immunofluorescence images are displayed in the right panel: Green = chlamydial
inclusions; blue = nuclei of HeLa cells (DAPI staining). (d) Infectious progeny following 20-min
irradiation of infected cells at 40 hpi is expressed as inclusion forming units (IFU), represented as %
of the non-irradiated control. (e). The effect of three-fold irradiation (20 min at 24, 36, and 40 hpi) is
shown on an ultrastructural level by transmission electron microscopy and subsequent determination
of the average number of bacteria per chlamydial inclusion comparing the non-irradiated control with
wIRA-treated Chlamydia (left panel). Representative images are displayed on the right showing the
severe disruption of chlamydial developmental stages within an inclusion
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Fig. 21.1 (continued)

on host cells and their development cycle cannot be studied in cell-free systems.
Therefore, the anti-chlamydial impact of wIRA could originate from a prokaryotic
and/or eukaryotic response. First, thermal effects have to be separated from non-
thermal influences using appropriate experimental settings such as tightly controlled
temperature settings (e.g. temperature-controlled water bath, [5, 6]). Furthermore,
the wavelength spectrum might impact irradiation results. Irradiation wavelengths
ranging from 400 to 1400 nm are more efficient in reducing extracellular chlamyd-
ial forms than wavelengths ranging from 780 to 1400 nm [6]. Furthermore, the anti-
chlamydial activity of wlIRA is “dose-dependent” (higher irradiances are more
effective), but independent of the infectious dose [5, 6].

Extracellular chlamydial forms (EBs) can be irradiated before any contact with
the cell monolayer by irradiating an EB suspension which is added to the monolayer
after irradiation. The anti-chlamydial activity of wIRA in this setting is primarily
caused by direct interactions between wIRA and bacterial EB structures. These anti-
chlamydial effects of wIRA could be mediated by modifying the EB surface pro-
teins and limiting the potential of EB to enter host cells and form the inclusions
which produce the next generation of infectious EBs. Results showing a reduced
ratio of inclusions/host cells in irradiated vs. control conditions from [5] favor this
hypothesis (Fig. 21.1c). However, specific bacterial target proteins have not been
investigated or identified to date.

Alternatively, it is possible that irradiated EBs differentiate less effectively into
RBs after entering the host cells and that a reduction in division events induced by
unknown mechanisms reduces the number of infectious particles in inclusions.

A single irradiation of infected host cells with wIRA at 40 hpi reduces chla-
mydial infectivity to 62.9% of controls (=40% reduction) [5]. At 40 hpi, chlamydial
inclusions are matured and primarily contain EBs which can infect new host cells.
At this stage, anti-chlamydial effects on bacterial progeny are most likely caused by
irradiation damage of EBs within mature inclusions (thereby leading to the same
hypotheses as stated above). However, this hypothesis awaits confirmation.

Interestingly, treatment of infected cells with wIRA 24, 36, 40 hpi reduces infec-
tious progeny by 75% compared to approximately 40% following a single treatment
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at 40 hpi [5]. These findings indicate that biological effects can be increased by
repeated treatments and that the full anti-chlamydial efficiency of wIRA is not
reached after a single treatment. Irradiation at three time points means that chla-
mydial inclusions are irradiated at different stages of the development (Fig. 21.2).
At 24 hpi, inclusions mainly contain dividing RBs, whereas at later time points,
mixtures of RBs and EBs (or mainly EBs) are present. The difference between three
wIRA treatments and a single treatment could therefore also arise from different
susceptibilities of chlamydial developmental stages, meaning that, for example,
growing inclusions are more vulnerable to irradiation than mature inclusions.
Transmission electron microscopy analysis of triple-irradiated inclusions have
revealed that the ratio of chlamydial development stages does not change upon irra-
diation, but that the overall number of chlamydial particles within an inclusion are
reduced by about 50% [5]. This supports the hypothesis that irradiation of chla-
mydial inclusions interacts with the efficiency of chlamydial development such as
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the division of RBs and RB to EB differentiation. Experiments to investigate the
most effective time point for wIRA irradiation during the chlamydial life cycle are
currently being performed.

Surprisingly, irradiation of host cells prior to infection (total of four irradiations
at 8, 6, 3, and O h prior to infection) is sufficient to reduce subsequent chlamydial
infectivity by about 35%, independent of the wavelength spectrum [7]. Furthermore,
combining the irradiation of EBs and host cells before infection enhances the anti-
chlamydial effects of wIRA and leads to a maximum reduction in subsequent infec-
tivity of 87% [7]. These findings indicate that the effects of irradiation on bacterial
and cellular structures must act synergistically. One major limitation in testing all
the above-mentioned hypotheses is that anti-chlamydial effects can only be investi-
gated in a combined host-Chlamydia system. Theoretically, irradiated bacterial
structures could interact with host cell structures or pathways and irradiated host
cells could impact non-irradiated bacteria. This hinders the identification of specific
irradiation target structures in bacteria and/or host cells. The future will show, how
(and if) the observed anti-chlamydial mechanisms can be investigated in more detail.

21.2.2 The Impact of Cellular Cytokines on the Working
Mechanism of wiRA

Cytokines are inflammatory products secreted by host cells after infection.
Chlamydia-infected cells (without irradiation) and irradiated cells (without chla-
mydial infection) exhibit a similar cytokine secretion pattern, including the secre-
tion of IL-6, IL-8, RANTES, MIF/GIF, and Serpin E1 [5]. This might indicate that
chlamydial infection and wWIRA irradiation similarly trigger the host immune
response and might result in the increased resistance of host cells to a chlamydial
infection [7] if they are treated with wIRA prior to infection.

Kuratli et al. [8] investigated the impact of IL-6, IL-8, and RANTES cytokine
secretion from HeLa cells during triple wIRA treatment (24, 36, and 40 hpi).
Interestingly, impaired cytokine production or secretion does not influence the anti-
chlamydial effects of wIRA-irradiation [8], indicating that wIRA-mediated effects
are independent of these cytokines.

Inflammatory responses of the host immune system are typically required to
clear ongoing infections. However, in the case of Chlamydia, inflammatory
responses are known to mediate negative infection sequelae such as pelvic inflam-
matory disease or ocular scarring in trachoma [1]. For potential future in vivo wIRA
applications, the observation that wIRA acts independently from host cell cytokine
secretion is of utmost importance as this would indicate that wIRA treatment
remains effective, even when the host immune system is impaired. In contrast, treat-
ment of chlamydial infections by antibiotics is hypothesized to negatively impact
the development of a protective host immune response, as described by the so-
called “arrested immunity hypothesis” [9]. However, the fact that cytokine release
by the host cell is not impaired by wIRA irradiation [5] indicates that consequences
like the arrested immunity hypothesis after wIRA irradiation are unlikely.
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21.2.3 Other Cellular and Tissue Effects of wIRA

Based on current literature, we conclude that host cell cytokines are unlikely to be
involved in the anti-chlamydial effect of wIRA. Future investigations are needed to
elucidate alternative potential targets or pathways in the working mechanism.
Kuratli and Borel [10] have presented an overview on studies about wIRA or irra-
diation with similar wavelengths spectra, putting them into the context of potential
future treatments of patients with trachoma [10], whereas a recent review specifi-
cally discusses the effects of wIRA on obligate intracellular bacteria, namely C. tra-
chomatis and Mycobacterium ulcerans (causing Buruli ulcer, [4]).

The effects of wIRA have been intensively investigated in several clinical appli-
cations outside of infectious diseases by other authors (reviewed in [10]). Known
in vivo effects include increases in oxygen partial pressure, temperature, and tissue
blood flow in the irradiated area. However, the mechanistic pathways at a cellular
level which allow physical properties of wIRA irradiation to be “transduced” into
biological systems are still not fully understood. The current major hypothesis
includes cytochrome ¢ (a mitochondrial membrane protein involved in the respira-
tory chain) as the primary photo-acceptor which serves as the key molecule for the
resulting light action mechanisms [11].

21.3 wlIRA and Chlamydia in the Ocular Model:
A Success Story

21.3.1 Trachoma in Humans: Why Do We Need wiRA?

Blinding trachoma, caused by ocular strains of C. trachomatis, remains the most
common cause of infectious blindness worldwide ([12], WHO-Trachoma, http://
www.who.int/topics/trachoma/en/) and is a neglected tropical disease which par-
ticularly affects children. Trachoma develops as a sequela of recurrent C. trachoma-
tis infections of the conjunctival epithelium triggering fibrosis and scarring of the
conjunctiva and leading to trichiasis and corneal opacity with blindness [1]. In the
past few years, a number of global health organizations have aimed to eliminate
blinding trachoma by the year 2020 (SAFE strategy by the WHO). The SAFE strat-
egy includes surgery for trichiasis, antibiotic treatment (azithromycin as primary
frontline antibiotic) for active trachoma, facial cleanliness, as well as environmental
improvement [1]. As of January 2020, although 13 countries have achieved elimina-
tion goals ([12] WHO-Trachoma, http://www.who.int/topics/trachoma/en/), the dis-
ease is not yet eradicated on a global scale, and so far no vaccine is available. The
current strategy for treatment and prevention measurements could highly profit
from additional non-chemical interventions that limit disease, reduce transmission,
and prevent re-infections. wIRA has not only proven its efficacy on mature chla-
mydial inclusions (disease) but also on extracellular infectious stages, the elemen-
tary bodies (EBs), and transmission limitation (re-infection). wIRA radiators are
easy-to-use devices that do not require specific environmental conditions or skilled
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medical personnel; they can even be used in remote areas without a power supply.
Their use in remote villages as an ambulant therapy could bring treatments closer to
the affected communities. This motivated our group to explore the use of wIRA in
trachoma models in vitro and in vivo.

21.3.2 Preliminary In Vitro Steps

A suitable in vitro model to evaluate the anti-chlamydial effect of wIRA involves
human conjunctival epithelial cells (HCJE) and C. trachomatis strain HAR-36, an
ocular serotype B [7]. A reduction of more than 50% in fully developed mature
chlamydial inclusions (40 hpi) can be achieved using a single wIRA treatment of
30 min (2100 W/m?). This could be theoretically transferred into an in vivo setting
which could reduce the chlamydial load in the conjunctiva, at least partially.
Repetition of the wIRA treatment in human patients, for example daily, could fur-
ther reduce the chlamydial load. The wIRA treatment of EBs alone renders them
less infectious and might reduce transmission of the extracellular chlamydial stages
in the in vivo setting. The lower prevalence of C. trachomatis EBs in the environ-
ment might also reduce transmission events and lead to fewer inclusions formed in
conjunctival epithelial cells. Even more encouraging are the results of the combined
treatment of EBs and HCjE cells with wIRA prior to chlamydial infection. It can be
hypothesized that wIRA irradiation of non-infected cells might pre-condition cells
to be more resistant to the initial infection or be more effective in subsequent chla-
mydial clearance. Four times irradiation of HCjE prior to infection (8 h, 6 h, 3 h, and
0 h) reduces the chlamydial burden when non-irradiated EBs are added by around
35% of the control. Infection of irradiated HCJE cells with irradiated EBs results in
the most pronounced reduction of chlamydial load (70-87%), thereby suggesting
that wIRA protects cells from infection. It would be of great importance to under-
stand the host cell factors that are involved in the anti-chlamydial effect of
wIRA. These promising in vitro results encouraged a transition of work into an
in vivo setting, the guinea pig model of inclusion conjunctivitis.

21.3.3 Promising In Vivo Results

The guinea pig model of inclusion conjunctivitis examines the effect of wIRA in a
C. caviae conjunctival infection model [13]. The major advantage of this model is
that it assesses WIRA in a complex tissue (the conjunctiva) instead of previous
in vitro studies on cell monolayers. Chlamydial inclusions are formed in the con-
junctival epithelium and inflammatory cells are recruited to the epithelium and
underlying stroma after infection. Thus, the effect of wIRA on inflammatory pro-
cesses can also be studied in this model. As expected, and in accordance with previ-
ous in vitro studies, repeated treatment for 30 min each (day 2 and 4 pi, 2100 W/m?)
is more effective in reducing chlamydial load and ocular pathology than a single
treatment (day 2). Over an observation period of 21 days, wIRA reduces the ocular
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pathology score (days 7 and 14 pi) and the chlamydial conjunctival load (days 2, 4,
7, and 14 pi). The latter denotes a reduction in infectious EBs, and therefore reflects
a reduced re-infection and transmission. At 21 dpi, chlamydial inclusions in con-
junctival epithelial cells are less numerous in treated guinea pigs and the acute
inflammatory response is dampened (lower number of polymorphonuclear neutro-
phils), suggesting that wIRA can even reduce inflammation. Of importance, the
ocular and systemic immune response normally present following C. caviae infec-
tion is not suppressed by wIRA treatment. In conclusion, wIRA might be capable to
reducing trachoma transmission and pathology of ocular chlamydial infections in
human patients. These promising findings confirm the results of previous in vitro
studies [5-8] and encourage further investigations for the application of wIRA in
the field of trachoma therapeutics. In a very recent report [14] possible, other fields
of application have been outlined.

21.3.4 Future Plans and Outlook

wIRA can reduce the chlamydial burden in vitro and in vivo by affecting mature
inclusions as well as by reducing infectious EBs. In the future, wIRA treatment of
trachoma patients could be applied by irradiation of the C. frachomatis-infected
conjunctiva through a closed eyelid, thereby reaching the infected area (inner con-
junctival lining) without harming the deeper structures of the eye such as the vitre-
ous body or the retina, or resulting in corneal damage [4]. Ocular safety studies are
needed to exclude deleterious effects of wIRA on sensitive ocular structures, such
as the cornea, lens, vitreous body, and retina [4]. Moreover, short-term irradiation
protocols including various irradiances would be preferable to apply wIRA in the
clinical setting. Future in vitro and in vivo studies aim to investigate the daily appli-
cation of wIRA to further reduce chlamydial load. Of potential benefit would be to
shorten the irradiation time from 30 to 10 min while retaining anti-chlamydial effi-
cacy in view of treatment protocols suitable for children, the main age group affected
by trachoma. Enhancement of the anti-chlamydial activity might be achieved by
combining wWIRA with photodynamic substances (e.g., hypericin) as photodynamic
therapy (PDT). PDT using Riboflavin and UV-A therapy, called corneal cross-link-
ing (CXL), has been implemented as treatment for keratoconus in human patients
and to treat infectious keratitis in animal and human patients [15, 16]. Similar
approaches are envisaged for wIRA, but necessitate a step back to elaborate this
idea further in the in vitro model.
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22.1 TheEye as a Highly Sensitive Structure
for Thermal Interventions

Temperature is of utmost importance for all biological functions, with temperature
changes in tissues influencing the kinetics of biological processes and consequently
slowing or accelerating metabolism. Non-physiological increases in temperature in
tissues can result in protein denaturation and cell death and thus contribute to the
onset of pathological changes.

Eyes are considered to be the most vulnerable to even small temperature changes
for the following reasons. Some of the inner posterior parts of the eye lack sufficient
blood flow for the removal of excess heat, whereas the anterior part is only temporar-
ily covered by the eyelid as a protective skin layer [1]. Hence, environmental condi-
tions such as humidity, airflow and thermal radiation can have a massive impact on
ocular temperature and contribute to pathological changes in the eye. For this reason,
the safety of medical treatments which induce temperature changes in the eye, includ-
ing water filtered infrared-A (WIRA) irradiation, require special attention. However,
direct temperature measurements in the interior of the human eye are technically chal-
lenging and almost impossible. Up to now, in vivo temperature measurements of the
interior eye is confined to animal experiments and often involve potentially damaging
invasive or direct contact-based procedures or is limited to simulated eye models [2].

22.2 Histological Structures of the Eye and Their
Contribution to Thermal Regulation
of the Ocular Compartments

The human eye is a complex organ consisting of several histological compartments
having different biological properties and a complex geometry (Fig. 22.1). In the pos-
terior part of the eye, the outermost layer consists of the sclera. The sclera is a white
coloured, protective layer containing mainly collagen and some elastic fibers. Beneath
the sclera lies the choroid, which is the vascular layer of the eye and supplies the
underlying retina layer. The choroid has the highest blood flow in the body, and this is
believed to protect the retina from heat stress [3]. Together with the sclera, the choroid
can contribute to convective heat transport in the ocular compartments [4]. During this
process, the blood absorbs energy from warmer regions and releases it to cooler
regions and vice versa. The retina is the photoreceptive tissue of the eye and is believed
to be highly thermosensitive. Although it is also vascularized, the contribution to its
own temperature regulation is much lower when compared to the choroid [5]. The
sclera in the anterior part of the eye becomes transparent — the cornea. This avascular
tissue is constantly wetted by tear fluid and, together with other ocular compartments,
contributes to the refraction of light that gives the eye its optical power. The conjunc-
tiva, a highly vascularized tissue that lines the inside of the eyelids and covers the
sclera, can contribute to the regulation of the corneal temperature [6]. Although not a
direct component of the eye, the eyelid also significantly contributes to the tempera-
ture regulation of the cornea by blinking during the waking cycle and by constantly
covering it during sleep [1]. The lens, as part of the anterior eye, is a transparent bicon-
vex structure surrounded by vitreous humour which, with the cornea, contributes to
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Fig. 22.1 Transmission of light through the compartments of the human eye. Infrared (IR)
C: >3000 nm, B: 1400-3000 nm, A: 780-1400 nm, visible light (VIS): 400-780 nm, ultraviolet
(UV) A: 315400 nm, B: <315 nm

the refraction of light on the photosensitive retina. The lens lacks vascularization and
is well known to be a highly temperature-sensitive structure. The vitreous body is a
transparent gelatinous mass consisting of 98-99% water that fills the inner space
between the lens and the retina. The vitreous membrane, which consists of collagen,
separates the vitreous body from the other parts of the eye. The high amount of water
in the vitreous body gives this structure a high ‘heat storing” potential.

In summary, the eye comprises various structures that can function as heat sinks
or as heat stores. With the cornea, the lens and the retina, the eye is therefore com-
prised of highly temperature-sensitive tissues. Accordingly, exposure to elevated
temperatures risks impairment of visual perception. Regarding which elements of
the electromagnetic spectrum interact with the eye, it is known that visible light (~
400-780 nm) and infrared-A (780-1400 nm) pass through all the thermosensitive
layers of the eye before reaching the photosensitive retina (Fig. 22.1) [7]. Although
a small amount of ultraviolet-A radiation can still penetrate to the retina, most of the
shorter wavelengths <400 nm and the longer wavelengths >1400 nm are absorbed
by the cornea and the lens. This is of importance to all medical applications that are
based on radiation and can result in photothermal reactions in the ocular structures.
As a consequence, treating chlamydial eye infections using wWIRA irradiation
requires a detailed analysis of the thermal effects occurring in the eye.

22.3 Effects of Radiation-Induced Photothermal
and Photochemical Events on Ocular Structures

Considering wIRA as a potential treatment option for chlamydial eye infections, it
is important to note that in recent studies, this approach is most effective when using
wIRA-irradiation (780-1400 nm) in combination with visible light (VIS) in the
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range of 400780 nm. Both of these components have been described to potentially
damage ocular tissues through photothermal or photochemical reactions, depending
on exposure time and energy [8].

As the most anterior structure of the eye, the cornea is particularly exposed to
temperature changes and radiation. In the infrared-A range of 780-1400 nm which
is delivered during wIRA treatment, the cornea transmits up to 96% of the incoming
radiation. Thus, damage resulting in immediate pain, vascularization, and eventu-
ally a loss of corneal transparency requires the application of high irradiances of
infrared radiation to the cornea [9]. For the VIS part of the electromagnetic spec-
trum, the high energy short-wave blue light between 415 and 455 nm is considered
to be the most harmful for ocular structures, and thereby also for the cornea. Blue
light can severely impact the survival and function of corneal cells and promote
pathological changes, including the development of dry eye syndrome [10].

The lens, as the second structure involved in the refraction of light and contribut-
ing to the visual power of the eye, is sensitive to infrared irradiation and exposure to
thermal stress. As an example, cataract formation has been frequently observed in
humans exposed to high levels of infrared irradiation (>1400 nm) such as glass-
blowers or ironworkers [11]. Cataract formation associates with clouding of the lens
and is, on the molecular level, caused by the disturbed arrangement of crystalline
proteins which are the major components of the lens [12]. However, it is assumed
that infrared-induced cataract formation is not only caused by the direct heating of
the lens but also by the indirect heating of neighbouring ocular structures [9]. For
this reason, wIRA may contribute to cataract formation by indirect heating of adja-
cent ocular structures, even if the wavelengths of 780—-1400 nm are not absorbed by
the lens. With regard to a combined therapy involving wIRA and VIS components,
it should also be noted that blue light has been shown to induce the production of
reactive oxygen species (ROS) in the mitochondria of lens epithelial cells, which
may also promote the development of cataracts [10].

The retina, as the innermost layer of the posterior eye, converts light stimuli into
the nerve signals to the brain, and thereby provides visual capacity. This nervous
tissue is probably the most complicated in terms of its sensitivity to thermal and
visual stimulation. Infrared radiation that is transmitted through the transparent ocu-
lar structures to the retina is not absorbed by the retina itself, but by the adjacent
cells of the so-called retinal pigment epithelium [9]. Consequently, thermal injury
of retinal cells does not occur directly, but by indirect heating from the pigment
epithelium. The induction of thermal damage depends on multiple factors such as
the pupil size, the exposure duration, the nature and spectral distribution of the
radiation source, as well as the rate of energy delivery. In this context, the exposure
time inversely correlates with the radiation power that is necessary to damage the
retina. With regard to the threshold of a non-critical temperature increase, a rise of
10 °C above the body temperature will produce permanent damage to the retina and
also the underlying choroid by inducing protein denaturation. However, even ther-
mal effects significantly below this limit can alter gene expression in the retina and
adjacent pigment epithelium, and therefore risk long-term tissue damage [13, 14].
In addition to the possible hyperthermia effects of wWIRA treatment in ocular
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structures, attention must also be paid to the phenomenon of retinal damage if light
of the visible spectrum is included. Photochemical reactions caused by light stress
can lead to the degeneration of specific cell types in the whole retina [15]. For this,
the visual pigment rhodopsin, which is localized in the light-sensitive photoreceptor
cells, plays a decisive role. Rhodopsin regulates the conversion of optical stimuli
into the electrochemical signals which initiate the visual cascade via a cycle of
changes in the protein configuration. Overloading this cycle by delivering a continu-
ous light stress degenerates the photoreceptors and can lead to a degeneration of the
entire retina, and thus to blindness. Since the absorption maximum of rhodopsin lies
within the range of 500 nm, blue light represents the most critical photochemical
action spectrum for inducing retinal damage [10]. Although blue light has a clear
negative effect on the retina, the red light directly adjacent to the wIRA spectrum
may have a protective effect on this tissue. For example, wavelengths of 670 nm
have been shown to counteract white light-induced lipid oxidation in photoreceptors
and their degeneration [16]. In addition, it may contribute to the reduced inflamma-
tory processes in mice with age-related macular degeneration and enhance neuro-
protective effects by retinal cells [17-20].

In summary, the possible severe impact of thermal and light-based therapies on
different compartments of the eye, and thereby impaired vision needs to be consid-
ered. This also includes the anti-chlamydial therapy with wIRA alone or in combi-
nation with VIS.

22.4 Effect of wiRA on the Eye: Ex Vivo Models
22.4.1 Temperature Effects of wIRA on Pig Eyes Ex Vivo

Given the risks of thermal exposure to ocular structures, we considered it necessary
to gain a better understanding of the development of the thermal field in the eye dur-
ing wIRA irradiation as a prerequisite for its subsequent application within the
framework of therapeutic treatment approaches. For this, we established an experi-
mental model which allowed us to reproducibly study temperature changes in the
cornea and the vitreous body of isolated, perfused pig eyes during exposure to dif-
ferent wIRA irradiances [21]. Pig eyes were chosen as they are similar in size to
human eyes and have similar histological and physiological features. Briefly, the
experimental model involves the perfusion of whole pig eyes with Krebs solution
via the ciliary artery and the placement of the eyes within a temperature-regulated
water bath which mimics blood flow and the physiological environment of the eye
(Fig. 22.2a). The cornea was not covered by the water bath but constantly washed
with Krebs solution to mimic tear flow. Finally, temperature development was mea-
sured using two temperature probes that were placed on the cornea and within the
vitreous body of the eyes.

In this ex vivo study, the perfused pig eyes were irradiated with a spectrum of
595-1400 nm for 30 min with irradiances of 100, 210, 370 and 500 mW/cm?
(Fig. 22.2b). Before irradiation was started, the vitreal and corneal temperature was
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Fig.22.2 Temperature measurements during wiRA irradiation of perfused pig eyes (modified from
[21]). (a) Pig eyes were placed in a water bath and perfused with Krebs solution via the ciliary artery.
Temperature probes were placed on top of the cornea and inside the vitreous body during wIRA
irradiation. (b and ¢) Temperature measurements during wIRA treatment in the vitreous body (left
panel) and on the cornea (right panel). Initial temperature was set to ~34 °C before eyes were irradi-
ated. (b) Eyes were irradiated with different wIRA irradiances (500, 370, 210 and 100 mW/cm?)
(595-1400 nm) for 30 min. During irradiation, an irradiance-dependent temperature increase (except
for 100 and 210 mW/cm? in the cornea) is shown, with a rapid rise in the first 10 min before reaching
a plateau. (c) Eyes were irradiated with either wavelengths of 595-1400 nm at an irradiance of
210 mW/cm? or wavelengths of 7801400 nm at an irradiance of 200 mW/cm?. In the vitreous body,
a mild but significant lower temperature increase was shown upon irradiation with 595-1400 nm
compared to wIRA alone (780-1400 nm). The corneal temperature generally shows a slight increase
without any differences between the irradiation spectrum of 595-1400 nm and 780-1400 nm
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adjusted to 34 °C, which has been reported to be the physiological temperature of
pig eyes [22]. As expected, the measured temperature significantly increased with
increasing irradiances, before reaching a plateau after 10 min. The temperature of
the vitreous body was 41.3 °C (x 0.7 °C) after an irradiance of 500 mW/cm?. In
contrast, the temperature after treatment at 100 mW/cm? was 35.8 °C (= 0.4 °C).
Contrary to the results in the vitreous body, corneal temperatures only increased
after treatments at irradiances of 370 and 500 mW/cm? (38.6 °C = 1.13 °C;
41.13 °C £ 0.93 °C, respectively).

Since visible light in a range of 380—780 nm has been shown to contribute to the
increase in intra-well temperatures during in vitro experiments, we examined the
impact of the 780-1400 nm spectrum on temperature development in the vitreous
body and cornea [23]. For this measurement, an irradiance of 200 mW/cm? was
used. This corresponds with the irradiance of 210 mW/cm? when the visible part
(595-780 nm) is included. However, irradiation for 30 min led to significantly lower
temperatures in the vitreous body, including the visual component (37.6 °C £ 0.3 °C),
than irradiation with wIRA alone (38.4 °C + 0.7 °C) (Fig. 22.2c). In contrast, the
temperature in the cornea did not exceed 35 °C and was the same for irradiation at
595-1400 nm and 780-1400 nm.

In conclusion, our results show a wIRA-irradiance-dependent increase in the
temperature of ocular structures, which is more pronounced in the vitreous body
than on the cornea. These findings are consistent with the fact that the vitreous body
represents a closed system in which excess heat accumulates and is difficult to be
removed. Even more important with respect to the use of wIRA against chlamydial
eye infections, our results showed that the temperature increase after treating with a
therapy-relevant irradiance of 210 mW/cm? did not exceed physiological tempera-
tures for both the cornea and the vitreous body. This therapy-relevant irradiance has
also been shown to be effective in reducing chlamydial infectivity in vitro and
in vivo [21, 24, 25].

Hence, wIRA exposure of ocular structures at moderate irradiances represents a
promising approach for treating chlamydial infections, and thus for the prevention
of trachoma-induced blinding diseases without increasing ocular temperatures to
non-physiological levels.

22.4.2 Impact of wiRA on the Mouse Retina Ex Vivo

The wIRA-irradiance-dependent temperature increase in the vitreous body of pig eyes
might suggest that structures adjacent to the vitreous body, such as the retina, are also
heated up during irradiation. Since the retina is a heat- and radiation-sensitive tissue,
we investigated the expression of heat- and stress-induced proteins in retinal explants
of adult mice. For this, we incubated mouse retina explants at 37 °C or 40 °C for
30 min in the presence or absence of WIRA (595-1400 nm) at an irradiance of
100 mW/cm?, after which we analysed the levels of phosphorylated stress kinases
p38, Akt, Erk1/2 and SAPK/INK by ELISA and found no significant changes imme-
diately (0 h), 3 h or 24 h following treatment (Fig. 22.3a). Consistent with this
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Fig. 22.3 wIRA effects on the mouse retina. Explants of adult mouse retina were incubated at
37 °C (Ctrl = control) or 40 °C in cell culture media in the presence and absence of WIRA
(595-1400 nm) using an irradiance of 100 mW/cm?. (a, modified from [21]) Levels of phosphory-
lated stress proteins (p-p38, pAkt, pErk1/2, pPSAPK/JNK) were analysed by ELISA, immediately
(0 h), 3 h or 24 h after wIRA irradiation. Neither hyperthermia alone nor in combination with
wIRA induces any significant changes in protein levels. (b) Western blot analyses of HSP70,
HSP90, p-p38, NfkB, pErk 1/2 and Erk 1/2 showed no changes in expression 3 h after the treat-
ments. a-Tubulin serves as loading control. (¢) Immunolabeling of cell type specific markers (glu-
tamine synthetase (green) = Miiller glia cells, cone arrestin (red) = cones) in mouse retina sections.
Cell nuclei were stained with DAPI (blue) in all retinal layers (ONL-outer nuclear layer, INL-inner
nuclear layer, GCL-ganglion cell layer). Regardless of treatment, all immunolabeling patterns after
1 h and 24 h were similar
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observation, Western blot analysis for stress-induced proteins HSP70, HSP9O0, p-p38,
NfkB, pErk 1/2 and Erk 1/2 showed no changes in expression levels 3 h after treat-
ment (Fig. 22.3b). In addition, immunolabeling for cell type specific retina markers
(glutamine synthetase for Miiller glia cells, cone arrestin for cones) to evaluate main-
tenance of the retina structure indicated no changes in their expression patterns 1 h or
24 h after hyperthermia or a combination of hyperthermia and wIRA (Fig. 22.3c).
Consequently, our analysis showed that the heat- and radiation-sensitive retina is
unaffected by wIRA exposures using an irradiance of 100 mW/cm? in terms of activa-
tion of stress proteins and maintenance of the retinal structure. Together with the
results of the temperature measurements, these findings support the use of wIRA irra-
diation as a novel and safe therapeutic approach for treating chlamydial infections.

22.5 Outlook

wIRA may be a promising future therapy for the treatment of chlamydial infections
of the eye, as has been suggested by various in vitro studies [21, 26]. However, for
clinical delivery, it is essential to ensure the safety of the ocular structures that are
exposed to wIRA irradiation during treatment. In our ex vivo pig and mouse model
experiments, we have been able to obtain the first evidence that wIRA is likely to be
safe [21]. Recently, the first in vivo study also demonstrated the efficacy of wIRA for
the treatment of chlamydial infections in guinea pig eyes, a well-established model
for trachoma-like diseases [25]. In our accompanying in vivo study into the safety of
wIRA irradiation on ocular structures in guinea pig eyes, we have also obtained
promising results and have excluded the possibility of adverse side-effects due to
wIRA exposure (work in progress). Nevertheless, the effects of wIRA irradiation on
Chlamydia and ocular structures need to be investigated in more detail and optimized
for clinical application in humans. In order to further increase the efficacy of wIRA
in terms of chlamydial reduction, the use of photosensitizers (e.g., indocyanine
green) could be a promising possibility, since these compounds have been shown to
improve the effectiveness of antimicrobial photodynamic therapy (aPDT) [27]. Such
approaches also require parallel studies on the mode of action, applicability and
safety of the used photosensitizers, both in vitro and in vivo. For this reason, we are
currently conducting initial safety studies on human conjunctival cells, by investigat-
ing the impact of the photosensitizer indocyanine green during wIRA-based aPDT.
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23.1 Infrared Radiation

Electromagnetic radiation is a form of energy propagation through space that travels
at a constant speed in the form of waves or particles; light and radio waves, for
instance, are types of radiation. Solar radiation reaching the earth, also known as the
electromagnetic spectrum, exhibits a dual nature as it acts both like a wave and a
particle travelling in packets of energy (photons) which propagate through space at
the speed of light (2.998 x 10® m/s) [1-3]. The energy of electromagnetic radiation
is quantified by the number of electron volts (eV) (1 eV describes the energy gained
by an electron subjected through a potential difference of 1 Volt) [3]. The wavelike
properties of electromagnetic radiation are described by the relationship of velocity
(c) to wavelength (1) (the distance between two consecutive peaks of a wave) and
frequency (v) (number of cycles per second, or Hertz, Hz), expressed in the formula
Eq. (23.1) [1].

c=Av (23.1)
Regarding photons, the energy carried is described by Planck’s eq. 23.2:

E=hv (23.2)

where E is the energy (given in Joule [J]); v is the frequency (Hz), and % is Planck’s
constant (6.626 x 107 J-s). In both equations, the energy associated to the electro-
magnetic radiation is directly proportional to its frequency and inversely propor-
tional to wavelength, meaning that longer wavelengths result in lower energy and
vice versa [1].
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The spectrum of electromagnetic radiation ranges from 290 nm to more than
1000,000 nm [4] and is generally divided into seven regions of decreasing wave-
length (or increasing energy and frequency). The common designations, as shown
in Fig. 23.1, are radio waves, microwaves, infrared (IR), visible light, ultraviolet,
X-rays and gamma rays [2].

Infrared radiation constitutes the waveband longer than 0.7 pm and up to
1000 pm. Corresponding frequencies and quantum energies are from the range
300 GHz-385 THz to 1.2 meV-1.6 eV, respectively [5]. Historically, infrared radia-
tion has been divided into three bands, the definition of which differs across indus-
tries. The International Commission on Illumination (CIE) indicates the following
nomenclature and ranges: IR-A (0.7-1.4 pm); IR-B (1.4-3 pm); IR-C (3—1000 pm)
[6]. Alternatively, the International Standard Organization (ISO) 20,473 provides
the following definitions: near-IR as 0.78—<3 pm; mid-IR >3-<50 pm; and far-IR,
or FIR, >50-<1000 pm [7]. In this review, we will be using the CIE definition.

All matter (solid, liquid, gas) can absorb as well as emit energy in the form of
electromagnetic radiation [8]. The absorption of energy in the visible region of the
spectrum excites electrons in molecular bonding orbitals to a higher quantum energy
state; this energy is either converted into heat (vibrational energy), and lost as emit-
ted infrared radiation (radiative heat), or alternatively is emitted as visible light of a
longer wavelength (fluorescence). For wavelengths in the infrared region, the energy
is directly absorbed by molecular vibrational levels and later emitted as infrared
radiation. For an object with a temperature 7" (Kelvin) and a surface area (A), the
radiative heat transfer in a time 7 is given by the Stefan—Boltzmann law of radiation
(Eq. 23.3), where P is net radiated power, e is emissivity, A is radiating area, 7" is

- Energy increases

Short wavelength Long wavelength

107° nm 10° nm 1nm 10° nm 10° nm im 10°m

] | 1 1 1 1 I
Gamma rays X rays Ultraviolet l] Infrared Microwaves Radio waves
T T T T T T T T T T T
10*Hz  10%Hz  10°Hz  10"°Hz 10°Hz 10%Hz  10°Hz  10°Hz 10°Hz  10°Hz 10°Hz
J Low frequency
Wavelength

0.4 0.7 2.0 4.0 (In Microns) 1000

Visible ~ Near IR Medium IR

Fig. 23.1 Electromagnetic spectrum and infrared radiation. IR-A (0.7 pm-1.4 pm); IR-B
(1.4 pm=3 pm); IR-C (3 pm—1000 pm). 1 wavelength, v frequency, UV ultraviolet
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temperature of radiator, ¢ is Boltzmann’s constant (¢ = 5.6703 x 107%), and T, are
the temperature of the surrounding matter [9].

P=ecA(T*-T}) (23.3)

Although electromagnetic radiation occurs at all temperatures above absolute
zero, the amount of energy (heat) an object can radiate depends greatly on the dif-
ference in temperature between the systems involved. In fact, energy transfer occurs
from high to lower temperature bodies. It is also important to note that due to the
First Law of Thermodynamics, the internal energy of all systems involved in the
radiation (emitter or receiver) changes as a consequence of the energy transfer
(energy can neither be created nor destroyed) [10] . Within molecules, internal
energy can be stored in two main ways, either by exciting the electronic quantum
energy levels to a higher state or by increasing the vibrational, rotational and trans-
lational energy levels of the bonds or molecules. Depending on the amount of
energy transferred, radiation can be divided into ionizing and non-ionizing. Non-
ionizing radiation (ultraviolet or visible light) transfers enough energy to the receiver
to excite the electron in the highest occupied molecular orbital to the lowest unoc-
cupied molecular orbital. By contrast, the energy carried by ionizing electromag-
netic radiation is strong enough to entirely remove tightly bound electrons from an
atom or molecule [3]. Ionizing radiation causes damage to biological matter and
living cells; for instance, radiotherapy with high-energy radiation such as x-rays or
gamma-rays is used to destroy tumor cells. Infrared is a type of non-ionizing radia-
tion whose absorption leads to changes in the vibrational and rotational energy lev-
els of molecules and bonds [5, 11]. All types of infrared radiation (IR-A, IR-B,
IR-C) increase the temperature of the absorbing matter, which extent depends on the
power density of the radiation, the absorption coefficient of the material, and the
rate of energy lost by emission, convection, or conduction.

23.2 Photobiomodulation

Photobiomodulation (PBM) therapy employs the application of relatively low
power levels of red or near-infrared (NIR) radiation to the human body [12]. The
overall goal is to treat and heal wounds and injuries, reduce pain and inflammation,
regenerate damaged tissue, and protect tissue at risk of dying. Recent studies have
made significant advances in understanding the mechanisms of action of PBM [13].
It has long been realized that the cellular powerhouses, called mitochondria, func-
tion as major photoreceptors for light of these specific wavelengths (red and NIR).
It appears that organs that are particularly rich in mitochondria respond very well to
PBM. The photons are absorbed by chromophores present in the mitochondria, and
cytochrome c oxidase (unit I'V in the respiratory chain) is a leading candidate for
this role. The mitochondrial membrane potential is raised and oxygen consumption
and ATP generation are increased. Signaling pathways are triggered and transcrip-
tion factors are activated, leading to fairly long-lasting effects after relatively brief
exposure of the tissue to light.



276 M. R. Hamblin

The stimulation of mitochondrial metabolism by PBM can have important bio-
logical effects, beyond the simple increase in cellular ATP supplies. Let us consider
stem cells and progenitor cells. Stem cells whether they are hemopoietic or mesen-
chymal in nature are relatively quiescent cells that inhabit hypoxic stem cell niches,
which vary depending on the tissue or organ of origin [14]. One of the most impor-
tant hypoxic niches for stem cells is the bone marrow [15]. Because stem cells are
intended to survive for the entire lifespan of the organism, they must take excep-
tional care to avoid DNA damage that could introduce mutations that could cause
cancer. The most common cause of this DNA damage is the oxidative stress pro-
duced by reactive oxygen species (ROS). ROS such as hydrogen peroxide and
superoxide anion are a natural by-product of aerobic respiration and oxidative phos-
phorylation (OXPHOS), which takes place in the mitochondria. Because stem cells
live in a niche with a low pO, environment, their mitochondrial metabolism is
skewed toward glycolysis and away from OXPHOS. However, under the influence
of PBM, the mitochondrial electron transport chain is stimulated toward OXPHOS
[16], which tends to produce ROS to induce stem cell differentiation and enhanced
motility [17]. When the stem cells emerge from their hypoxic niche in search of
higher oxygen concentrations to support their altered mitochondrial metabolism,
they will be exposed to many cues and chemokines that direct them to sites of tissue
injury or degeneration, where they can then fulfill their regenerative roles [18].

Another very important function of PBMT is its anti-inflammatory effect [19].
The mechanism for this is based upon the division of many types of human immune
cells into two completely different phenotypes. This division is most often seen in
monocyte/macrophage cells that can either be the M1 or the M2 phenotype [20].
The M1 phenotype is pro-inflammatory in function, with secretion of cytokines,
such as tumor necrosis factor-o (TNF-a), interleukin-1 (IL-1), IL-6, IL-12, and type
I interferons (IFN). M1 macrophages are involved in inflammatory responses by
producing chemokine ligands, such as chemokine (C-X-C motif) ligands 1-3
(CXCL1-3), CXCL5, and CXCLS8-10 [21]. They also produce nitric oxide and
ROS to kill microbial cells. On the other hand, M2 macrophages show high phago-
cytosis capacity, produce extracellular matrix (ECM) components, secrete proan-
giogenic and chemotactic factors, and IL-10 [22]. M2 macrophages can clear
apoptotic cells, and can mitigate the inflammatory response to promote wound heal-
ing [23]. One key difference between M1 and M2 macrophages involves arginine
metabolism [24]. M1 macrophages express inducible nitric oxide synthase, which
metabolizes arginine to nitric oxide (NO) and citrulline, while M2 macrophages
express arginase, which hydrolyzes arginine to ornithine and urea. It was recently
discovered that another major difference between M1 and M2 macrophages involves
the mitochondrial metabolism [25]. M1 macrophages rely mainly on cytosolic gly-
colysis, while M2 macrophages are more dependent on mitochondrial OXPHOS. It
has been shown in several studies that PBM can switch the macrophage polarization
state away from the M1 and toward the M2 phenotype [26-28]. Therefore, the
hypothesis is that PBM switches the mitochondrial metabolism from glycolysis to
OXPHOS, thus turning M1 into M2 macrophages and producing the beneficial anti-
inflammatory and wound healing effects.
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A third biological effect of PBM is involved in pain. Mitochondrial dysfunction
has recently been appreciated to be a major factor involved in a variety of painful
conditions. These painful conditions include neuropathic pain [29], myalgic enceph-
alomyelitis [30], tendinopathy [31], chemotherapy-induced peripheral neuropathy
[32], trigeminal neuralgia [33], and intervertebral disc degeneration [34]. The
hypothesis is that the widespread use of PBM to treat painful conditions, especially
chronic pain which does not respond to opioid analgesics, could be based on improv-
ing the mitochondrial function and normalizing the mitochondrial membrane
potential.

23.3 Heat Sensitive lon Channels

Over recent years, a large number of stimulus-sensitive ion channels have been
identified in all life forms, including humans, called transient receptor potential
(TRP) channels. TRP channels were first discovered in 1969 in the “transient recep-
tor potential” mutant (trp-mutant) strain of the fruit fly Drosophila melanogaster
[35]. Since then, nine separate families have been proposed which are divided into
two groups. Group 1 contains TRPC, TRPV, TRPVL, TRPA, TRPM, TRPS, and
TRPN, while group 2 contains TRPP and TRPML [36]. TRPs are relatively non-
selective ion channels allowing passage of Ca*", Mg**, and Na* ions. TRP channels
can be activated by a wide range of stimuli, including pain, temperature (heat and
cold), molecules associated with different tastes, pH, pressure, stretching, vibration,
and visible light [37]. There is considerable overlap between different individual
TRP family members in terms of which stimulus they can respond to [38].

One of the most interesting sub-family of TRP channels is the TRPV (vanilloid)
group [39]. TRPV1 was the first TRP channel to be discovered in humans and was
identified as the receptor for capsaicin (the active ingredient in hot chili peppers)
[40]. The same group showed that TRPV1 could be activated by a modest tempera-
ture increase (~43 °C) [41]. Later studies described three different TRPV channels
that were also heat sensitive, TRPV2 (x52 °C), TRPV3 (~33 °C), and TRPV4
(2844 °C) [42]. These TRPV channels are widely expressed in neurons but are also
expressed in other organs, such as tongue, bladder, kidneys, skin, inner ear, and
endothelial cells [42]. The expression of TRPV1 in the skin is responsible for the
clinically useful topical application of a capsaicin-containing cream as a pain-
relieving treatment [43]. TRPV channels are mainly found in the plasma membrane
of cells but have also been found to be present in the mitochondrial membrane,
particularly in non-neuronal cells [44].

One interesting involvement of TRPV channels concerns the production of nitric
oxide. It has long been realized that both IR therapy and PBMT produce vasodila-
tion in the skin and increased blood flow, which has been attributed to increased
nitric oxide production. There are many sources of NO in the human body, with the
principle ones being the three isoforms of nitric oxide synthase (NOS), inducible
(iINOS), endothelial (eNOS), and neuronal (nNOS), as well as dissociation from
stores such as hemoglobin and myoglobin, and reduction of nitrite to nitric oxide
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[45]. Miyamoto et al. showed that activation of TRPV3 in the skin triggered the
production of nitric oxide from nitrite that was independent of NOS activity [46].

There is a field of research based on pulsed infrared laser stimulation of neurons
(INS) [47]. This technique employs the delivery of circa 1 ms pulses of infrared
radiation to depolarize the neuronal membrane and generate an action potential. The
mechanism of INS is due to the transient and localized heating caused by absorption
of IR radiation by water causing a local temperature increase of between 3.8 and
6.4 °C [48]. It was originally designed to be more versatile than using electrical
stimulation, in that it does not require any implantation of wires, but still has good
spatial resolution because the laser spot can be 100—400 pm in diameter. When the
technique of optogenetics (which uses the introduction of a genetically engineered
channel-rhodopsin ion channel into specific neurons using the spatially controlled
delivery of virus) became widespread [49], it was realized that INS did not require
any genetic modification, and could therefore be more practical for human use [50].
Infacta fiberoptic array for multiple channel INS of the brain has been described [51].

There are two main mechanisms that have been proposed to explain how INS
actually works at the level of the axon. The most popular mechanism involves TRPV
channels (and particularly TRPV4) being stimulated to produce intracellular cal-
cium changes [52]. The second mechanism involves altering the electrical capaci-
tance of the cell membrane by producing a rapid local increase in the temperature
of water, thus depolarizing the target cell [53].

23.4 Infrared-Emitting Fabrics and Garments

There are several ways to deliver infrared radiation for therapeutic use, varying
from heat lamps, saunas, and water-filtered IRA (wIRA), all of which require an
external power source, to infrared-emitting materials that rely solely on body heat
as a source of power [5, 54]. Bioceramic describes a specific type of mineral mate-
rial that emits IR-C radiation at body temperature, and which can produce biologi-
cal effects on the tissue, particularly when worn in close contact with the body for
extended periods of time [55, 56]. While the power density emitted by these fabrics
is very small when compared to electrically powered IR sources, this is compen-
sated by the fact that garments and patches can be worn for extended periods of time
(hours or days), while lamps or saunas are usually only used for minutes at a time.
Bioceramic materials are produced by a combination of polymers with ceramic-
containing mineral oxides, such as silicon dioxide (Si0O,), aluminium oxide (Al,O;),
and titanium dioxide (TiO,) [5]. In industrial applications, these minerals are often
used in the construction of firebricks and gas mantles. In domestic kitchens, the use
of a clay cooking pot is often preferred to a metal cooking pot, because of its ability
to emit more infrared radiation at lower temperatures. There have been some
attempts to characterize the properties of these infrared-emitting fabrics in the labo-
ratory, including reflectance, transmittance, and emissivity. Emissivity is a measure
of how much radiation (7.5-14 pm) an object can absorb and emit compared with a
black body (a body that absorbs and emits all radiation falling in it), whose emissiv-
ity is defined as 1.0 [57]. Emissivity is a surface phenomenon, therefore



23 Molecular and Cellular Mechanisms of Water-Filtered IR 279

nanoparticles or microparticles (which have a large ratio of surface area to mass) are
considered to be the most efficient configuration for emitting infrared radiation
compared to bulk ceramic material. Anderson et al. utilized Fourier transform infra-
red spectroscopy to measure the spectral optical properties of textile fabrics woven
with varying percentages of ceramic particle-bearing polymeric fibers and found
that the emissivity of polyester fabric can be engineered controllably via the inclu-
sion of ceramic microparticles within the fabric fibers [58, 59].

In general, the mechanism of action of infrared radiating materials is to absorb heat
energy from the body (radiation, convection, and conduction) and maintain the tempera-
ture at sufficiently high levels to be able to re-emit the IR-C energy back to the body with
a broad peak centered at 10 pm, according to the Stefan—Boltzmann law [5, 60].

The effects of infrared-emitting ceramics on skin blood flow have been investi-
gated by analyzing the changes observed on several biomarkers. For instance, in a
study conducted on 153 healthy individuals wearing shirts containing ceramics
compared with standard polyester shirts, changes in arterial oxygen saturation and
transcutaneous partial pressure of oxygen (tcPO,) were measured [61]. Similar find-
ings were observed in another study which found increased blood flow (measured
as tcPO, changes) and improved muscular performance (measured as mean hand
grip strength) [60]. The benefits of infrared on blood circulation were supported
further by a study on patients with Raynaud’s syndrome, where reduced pain and
disability of the arm, shoulder, and hand were recorded after wearing infrared-
emitting gloves [62]. The topical use of compressive infrared-emitting ceramic con-
taining socks reduced edema and pain in the feet compared with control socks [63].

Other studies have used infrared-emitting nanoparticles incorporated into
apparel, such as gloves, socks, belts, or patches, to provide an easy and practical
application of therapeutic IR [56, 64]. Bagnato et al. evaluated the efficacy of an
IR-C emitting plaster in the treatment of knee osteoarthritis (OA) in a randomized,
placebo-controlled clinical study [65]. Loturco et al. investigated the effects of
IR-C-emitting non-compressive pants on indirect markers of exercise-induced mus-
cle damage and physical performance recovery in soccer players [64]. The use of
IR-C emitting socks showed a beneficial effect on chronic foot pain resulting from
diabetic neuropathy or other disorders [66]. The efficacy of an IR-C-emitting seric-
ite (a common mineral) belt in patients with primary dysmenorrhea was evaluated
over three menstrual cycles (and 2 follow-up cycles) by Lee et al. in a multicentre,
randomized, double-blind, placebo-controlled trial (n = 104) [67]. Lai et al. used a
IR-C emitting neck device to partly reduce muscle stiffness in chronic neck pain
[68]. These infrared-emitting materials (ceramics and fabrics) are well tolerated,
and the only side effect that was occasionally reported was skin irritation and itch-
ing (which disappeared within a few days without treatment) [62, 67].

23.5 Application to Water-Filtered IR-A

It is interesting to compare the two treatments discussed above (PBM and IR emit-
ting bioceramics) with wIRA. The big difference of course is that PBM and bio-
ceramics were designed to produce no detectable heating effect in the tissue. wIRA
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is very different, in that it was originally designed to produce therapeutic tissue heat-
ing. Mild hyperthermia (39 °C— 43 °C) has long been known to be an effective adju-
vant in cancer treatment, and the main question is what is the best approach to
increase the temperature of the tumor to a therapeutically effective level, without
causing unacceptable side effects either to the whole body or to surrounding normal
tissue? The wIRA device (hydrosun, Miillheim, Germany) can focus the IR radiation
onto a discrete region of the body and is basically a modern sophisticated version of
an infrared heat lamp. The big unanswered question is to what extent do the medical
benefits of wIRA depend on biological processes that do not require measurable tis-
sue heating to be stimulated? By now everybody will accept that PBMT using red or
NIR radiation (or indeed blue and green wavelengths) can produce biological effects
by a photochemical mechanism as opposed to a photothermal mechanism. In con-
trast, it would appear that IR emitting fabrics cannot carry out a photochemical effect
because they do not emit light, neither can they carry out a thermal effect because the
temperature of the tissue is not increased to a measurable effect. The only solution to
this dilemma is the concept of IR energy absorption by nanostructured water clusters
that could alter the protein conformation at the nanoscale [69]. The concept of nano-
structured water was introduced by Gerald Pollack, who observed the build-up of an
“exclusion zone” on certain types of hydrophobic surfaces immersed in water [70].
In fact Pollack called this phenomenon of interfacial water “the fourth phase of
water’ [71]. Pollack has also suggested many ways that this interfacial water could
be involved in cells and in human biology [72, 73].

Certainly, wIRA does cause a measurable increase in the tissue temperature. This
fact does not exclude the possibility of a similar alteration in protein conformation
occurring at the same time. The activation of heat-sensitive TRP channels is the
main hypothesis to explain the beneficial effects of IR-emitting fabrics, and it is
only reasonable to expect this to occur to an even greater extent with the application
of wIRA. Future studies should examine the role of TRP channels in the biological
activity of wlRA, especially those applications related to wound healing, and the
reduction of pain and inflammation.
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wIRA-Related Research and Medical 2 4
Applications: Cornerstones and Further
Reading of Interest

Jan-Olaf Gebbers and Peter Vaupel

This chapter intends to fuel the readers’ discussion on wIRA applications, inspires
further research and draws the readers’ attention to (a) some highlights of therapies
that have delivered proven beneficial effects, (b) interesting basic research, and (c)
the extensive breadth of wIRA applications that have been studied in an increas-
ingly active area of research, as well as the clinical trials in different fields of medi-
cine. Nevertheless, basic research on the nature and possible implementations of
wIRA must considered and be continued. Of course, given the large amount of
information in this area, it has only been possible to highlight some of them that
might be of particular interest, and which might address often raised questions.
Two essential items concerning water-filtered IR should be stressed. First, this
kind of irradiation is the natural energy transfer of the sun using 60-80% of its
radiation energy. Sun energy is the base of the development/evolution of multicel-
lular organisms on earth, and thus is the life conserving energy. In most parts of the
earth, solar infrared (IR) radiation reaches the surface after passing through a humid
atmosphere as water-filtered infrared (exceptions are arid zones like deserts). wIRA
of the radiators described and nearly exclusively used in the aforementioned stud-
ies, almost 100% emulates the sun’s radiation on the earth. It can therefore be con-
sidered as an “artificial sun radiator” which is strictly limited to IR (without any
UV), particularly on IR-A, which has deep-reaching, transcutaneous impacts with-
out critically over-heating the skin surface. In other words, the wIRA radiator (syn.:
wIR A-irradiator) almost perfectly imitates the solar IR reaching the Earth’s surface.
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wIRA should not be seen as an alternative therapeutic approach in medicine
rather as an effective adjuvant-based therapeutic measure.
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First descriptions of water-filtered
infrared-A (wIRA) irradiation as a novel
technique to therapeutically heat superficial
tumors (preclinical studies)
Comprehensive review of wIRA
applications: Basics and preclinical
applications

First description of changes in
therapeutically relevant parameters of the
tumor microenvironment upon wiIRA

First retrospective analysis of combined
wIRA and radiotherapy of superficial
cancers in the clinical setting
Comprehensive review of wIRA
applications: Basics, pre-clinical and
clinical applications

First descriptions of enhanced efficacy of
photodynamic therapy (PDT) in
combination with wIRA irradiation

The formation of thermal fields within the
skin and subcutis upon wIRA irradiation of
piglets was studied in terms of the
thermotherapy of superficial cancers and
local infections of thermosensible microbial
pathogens. Findings confirmed the high
relevance of wIRA-hyperthermia based
therapies to humans

An experimental study by the European
Society for Hyperthermic Oncology (ESHO)
which reports the criteria for superficial
hyperthermia to be comparable with those
reported for the in vivo setting in the
abdominal wall and also in patients with
recurrent breast cancer. The potential of
wIRA heating for adequate treatment of
cancers that have spread to the skin and
subcutis were therefore confirmed for the
clinical setting
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This is the first article to comprehensively
consider the immunobiological
consequences of tissue warming by wIRA in
tumors. The chapter covers the
interdependencies of tumor physiology,
immunology, and hyperthermia (HT) and
describes the “cooperation” between the
presence and development of protective
anti-tumor immunity and HT

This extensive review highlights
hyperthermia as being an essential part of
the current, most promising combination
therapies for cancer (chemotherapy,
radiotherapy, PDT, surgery, immunotherapy
in various combinations)

This chapter provides an in-depth discussion
of hyperthermia as a chemosensitiser of
tumors and its capacity to enhance the
efficacy of chemotherapy. It also considers
the tumor temperatures that are required for
optimal thermochemotherapy

This review discusses the current knowledge
in photobiology and medicine relating to the
influence of monochromatic, quasi-
monochromatic, and broad-band radiation
of red-to-near infrared (IR-A), as part of the
solar spectrum, on mammalian cells and
human skin. The role of cytochrome ¢
oxidase as a photoacceptor and photosignal
transducer, and its photosensitivity are
highlighted and considers ATP as a critical
signaling molecule.

Reports on the first randomized clinical trial
showing that wIRA improves surgical
wound healing and lowers postoperative pain

Delivery of the first highly promising results
reporting on thermography-controlled wIRA
combined with hypofractionated
re-irradiation of large recurrent breast
cancers

Using this combined modality, this study
which evaluated the therapeutic outcome in
200 patients reports high overall clinical
response rates and low toxicity

This chapter proposes that combined
wIRA-hyperthermia (WIRA-HT) and
re-irradiation (re-RT) should be considered
for (a) adjuvant treatment of radiation-
associated angiosarcoma of the breast
(RAASB) after surgery of local recurrence
and (b) for definitive treatment of non-
resectable RAAS
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Reports that combining nonthermal NIR
with clinically/biologically relevant X-ray
doses leads to genomic instability, elevated
risks of mitotic catastrophes, increased ROS
generation, and an impaired repair of DNA
double-strand break, all of which suggest
that this combined approach may increase
the efficacy of radiotherapy

Reports that exposure to NIR modulates
cellular responses to X-rays in human full
thickness skin models and indicates that
exposure to NIR prior to treatment can
reduce the required effective X-ray dosages
Shows that fever-range whole body
hyperthermia (WHB) improves tumor
oxygenation in vivo and can therefore
increase the radiosensitivity to subsequent
irradiations of head and neck squamous cell
carcinomas without an excess of toxicity

Gold nanoparticles are known to enhance
the efficacy of X-rays, resulting in tumor
heating and ablation, as well as the
absorbance of wIRA. Studying this dual
property in a highly radio-resistant
subcutaneous squamous cell carcinoma in
mice revealed that the dose required to
control 50% of the tumors could be reduced
by a factor of >3.7

Major depressive disorders were treated in a
randomized clinical trial which included
sham-treated controls. A single session of
WBH using wiRA resulted a significant
antidepressant effect within 1 week of
treatment which persisted for 6 weeks after
treatment. Based on these findings, this
therapeutic concept is currently being
followed at three universities in Germany
and Switzerland (see Chap. 12 in this book)

A prospective randomized study showing
that preoperative wIRA reduces wound
infections and postoperative pain
Patients with chronic venous stasis lower
leg ulcers were treated with compression
therapy, debridement, adhesive wound
dressing, and 30 min wIRA irradiation or
VIS (as control). Several essential
symptoms significantly improved in the
wIRA group
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wIRA irradiation of patients with chronic
venous ulcers of the lower leg resulted in
complete or nearly complete healing in most
cases, a general reduction of pain and need
for analgesics

Reports an upregulated expression of La
ribonucleoprotein domain family member 6
and collagen type I gene following wIRA at
10 J/em? in a 3-dimensional model of
human epidermal tissue using DNA
microarray and real-time PCR, thereby
demonstrating the ability of NIR irradiation
to stimulate type I collagen production

This randomized controlled study
demonstrates that wIRA irradiation of
patients with chronic venous ulcers of lower
legs accelerated the healing process (18 vs.
42 days until complete wound closure;
residual ulcer area: 0.4 cm? vs. 28 cm?) and
reduced the requirement of analgesics

Treatment of verrucae vulgares, a significant
problem in immunosuppressed patients,
using PDT (5-ALA as photosensitizer) and
wIRA delivered strong positive effects in
this first prospective randomized controlled
blinded study of recalcitrant warts. The
findings suggest that other HPV-related
neoplasia such as oral verrucous hyperplasia
or cervical intraepithelial dysplasia should
be explored as possible indications for this
treatment modality

A series of patients with cutaneous
scleroderma lesions, a chronic inflammatory
disease leading to skin sclerosis,
dysmorphism, contractures and movement
restrictions were treated with wIRA. This
approach led to a marked improvement
which persisted during a long-term
follow-up in 7 of 10 patients

An in vitro assay studied the therapeutic
benefits of wIRA for wound healing in
chronic diabetic skin lesions. For this, the
effects of wIRA on 3 T3 fibroblast cultures
with and without Glyoxal (causing a
diabetic metabolic state) were examined.
wIRA-reduced apoptotic cell numbers and
more mitochondria showed a well-polarized
MMP. This study underlines the immediate
positive effects of wIRA, particularly on
mitochondria

(continued)


https://doi.org/10.1111/ajd.12604
https://doi.org/10.1111/ajd.12604
https://doi.org/10.1159/000329024
https://doi.org/10.1159/000329024
https://doi.org/10.1159/000329024
https://doi.org/10.1159/000329024

290 J.-O. Gebbers and P. Vaupel

(continued)

References Essence

— Gebbers N, et al. Ger Med Sci. — Infrared-induced skin damage, as
2007; 14: 5 communicated by some authors, has led to

PMID: 19675716 widespread confusion. This chapter
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cellular degeneration of human skin, even at
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mRNA overexpression (both of which are
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This chapter reports on the advantages of
wIRA over conventional infrared irradiation
in neonatology using comparative physical
means of irradiances in several clinically
applied IR sources. Clinical observations on
the protective effect of wIRA in incubator
nursing and primary care of preterm
neonates were evident

The emergence of antibiotic-resistant
bacteria urgently requires the development
of alternative, non-chemical treatments. This
chapter presents recent research on reducing
the infectious burden of thermosensitive
bacteria such as mycobacterium ulcerans
and chlamydia trachomatis using wIRA.

M. Ulcerans causes chronic necrotizing skin
disease (Buruli ulcer) and C. trachomatis
infection of the ocular conjunctiva results in
blinding trachoma. Both infections belong
to the neglected tropical diseases and exhibit
similar geographical distributions. Results
of previous in vitro and in vivo studies have
revealed wIRA to be a promising
therapeutic tool against these bacteria
wIRA irradiation of other bacterial species
such as mycobacterium tuberculosis,
Leishmania, Shigella, listeria
monoytogenes, dermatophytes,
Propionibacterium acnes, and helicobacter
pylori should therefore also be tested

This seminal in vitro study showed, for the
first time, that wIRA- irradiation inhibits
acute chlamydial infection

This in vivo study evaluated the influence of
wIRA (2100 W/m?) in single or double
treatments on the infectivity and bacterial load
of chlamydia caviae and its ocular pathology in
Guinea pigs. A marked decrease of infectivity
was found, particularly in the double treated
eyes. Importantly, no irradiation-related
pathologies were microscopically detected in
the follow-up period
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Essence

This chapter comprehensively discusses the
potential and problems of photodynamic
therapy (PDT) against intracellular
pathogens. Success depends on selecting the
optimal approach for parasite killing while
inflicting little or no host tissue damage:
Short photosensitizer incubation time

(1-5 min), low concentration of
photosensitizer (0.1-1 pM), irradiance not
exceeding 50 mW/cm?, a relatively low
fluence (<5-10 J/cm?), and more than 3
PDT treatments

This pilot trial tested a “near IR laser
vaccine” adjuvant approach for safety,
tolerability, and cutaneous immune cell
trafficking. As the epidermis contains a large
population of antigen-presenting cells
(Langerhans cells, MHC class II), it is
conceivable that wIRA could stimulate this
population and promote an immunologically
relevant trafficking of antigen to the regional
lymph nodes

This study reports that wIRA reduces
chlamydial infectivity in vitro without
causing ex vivo eye damage in pig and
mouse models

This study reports on enabling NIR
sensitivity in a blind human retina by
restoring light sensitivity using tunable NIR
sensors. This approach may supplement or
restore visual function in patients with
regional retinal degeneration. Mammalian or
snake transient receptor potential (TRP)
channels were expressed in light-insensitive
retinal cones in a mouse model of retinal
degeneration, and NIR-induced sensitivity
was induced using gold nanorods bound to
temperature-sensitive TRP channels. NIR
stimulation increased activity in cones,
ganglion cell layer neurons, and cortical
neurons and enabled mice to perform a
learned light-driven behavior. Responses to
different wavelengths were tuned by
nanorods of different lengths and to
different radiant powers using engineered
channels with different temperature
thresholds. TRP channels were targeted to
human retinas, which allowed the
postmortem activation of different cell types
by NIR
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10. Rheumatology
— Schuester et al. Phys Med Rehab — Treatment of patients with gonarthrosis, the
Kuror. 2021 world’s most common joint disease, with
https://doi.org/10.1055/a-1349-1482 wIRA in a prospective double blind
controlled study resulted in a statistically
proven efficacy with marked pain reduction
and an improved life quality
— Xu et al. Orthop Surg Res. 2019; — Patients with sacroiliitis and ankylosing
14: 313 https://doi.org/10.1186/ spondylitis (AS) were treated with wIRA in
s13018-019-1322-7 a randomized controlled trial using a
cross-over design. Treatment markedly
decreased AS activity index (BASDAI),
pain, morning stiffness, and CRP levels
during treatment paralleled pain reduction
(p <0.018). Levels of serum VEGF were
not affected
— Klemm et al. Int ] Hyperthermia. — Patients with axial spondyloarthritis were
2020; 37: 965 treated using serially applied, localized
https://doi.org/10.1080/02656736.2020.18 wIRA. The study group rapidly noted a
04079 reduction of pain and the consumption of

NSAID after completion of the trial.
Possible changes in TNF-« levels are
discussed
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