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Abstract

Over the past decade the field of bioheat transfer has grown dramatically in part due to new
medical applications. Here we review a part of this growth stemming from nanoparticle heating to
whole body thermoregulation. This includes foundational multiscale engineering developments
and physiological expertise that support the whole field of bioheat transfer. Many of these new
technologies must be considered as revolutionary rather than just evolutionary. The gateway to
these advances has occurred via a combination of new engineering materials and methods that
may be adapted for heat transfer applications in conjunction with remarkable mechanistic insights
into the function of living systems spanning from the molecular and cellular to physiological
levels. Thus, the length scales across which these bioheat transfer phenomena occur span at least
six orders of magnitude. This review presents a concise summary of the current state of
understanding of the engineering and physiological principles that govern these bioheat transfer
processes over nm to cm scales and beyond. We then show the dramatic opportunities for
translation and impact in prophylactic, preservative, diagnostic, and therapeutic applications based
on nanoparticle heating and whole body thermoregulation.
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1. INTRODUCTION

The science of bioheat transfer has experienced significant advances in recent years in both
its foundational technologies and in broad areas of medical impact. Synergistic
developments in complementary engineering technologies and instrumentation, plus the
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rapid progress in cell and molecular biology have contributed substantially to these
achievements. It is quite remarkable that these advances have occurred in the context of
processes that transpire across multiple length scales spanning nanoscale to cell, tissue and
even whole organism, equivalent to six orders of magnitude in total. However, since its
inception, the field of bioheat transfer was conceived and developed following a greatly
different pathway.

Historically bioheat transfer has been focused on a diversity of problems including energy
interactions between species (animal and plant) and their environments, with internal heat
flow processes, particularly via convection of blood, with thermally derived injuries, and
with energy-based surgical procedures, and therapeutic technologies. One of the pioneers in
bioheat transfer, Alice M. Stoll, wrote a history of the field a half century ago (1). Another
pioneer, John C. Chato, published multiple historical accounts a quarter century later (2; 3).
In the same period Shitzer and Eberhart edited a comprehensive two volume treatise
containing 28 extensive chapters on the current status of bioheat transfer (4). More recently
there have been other broad-based reviews of bioheat transfer (5-7).

In this review we provide an overview of current cutting edge understanding and
applications of nanoparticle heating and thermoregulation in bioheat transfer. Thus, the
review is not comprehensive, but rather derived from the perspectives of the authors
according to their participation in the development of multiple arenas of application.

2. NANOPARTICLE HEATING

Recent reviews highlight the use of gold (Au) and iron oxide (10) nanoparticle heating for
biomedical applications including most notably cancer thermal therapy (8-13). In addition,
we have now shown the 10 nanoparticles can be used to successfully warm larger 50 — 80
mL cryopreserved systems in radiofrequency fields (14). Further, laser gold nanoparticles
can be heated with ms pulse or continuous wave laser irradiation for diagnostic and
cryopreservation applications (15; 16). Other important work with ps and faster pulsed lasers
system which selectively destroy or manipulate at the molecular and cellular level will not
be reviewed here and can be found elsewhere (12; 17-19).

2.1 A primer on gold and iron oxide nanoparticle heating

Gold (Au) and iron oxide (10) nanoparticles can be used for nanoscale and bulk heating by
their careful design for optimal interaction with electromagnetic fields such as
radiofrequency (RF) and light. As several embodiments of these particles have received FDA
approval, this heating can be used for tumor hyperthermia and a growing number of other
biomedical applications (20). These applications are usually determined by the size of the
system, NP type, concentration, distribution and aggregation state to create local heat
generation which we will represent here with the term specific absorption rate or SAR (W/
m3), or SARNp (W/mg NP) both measures of heat generation, as previously reported (12;
21). The conversion is simply SAR = [mg NP/ml]* SARpp.

Typical SARNp for 10 and Au nanoparticles used for bulk tumor hyperthermia treatments
range from 0.1 — 100s of W/mg NP given typical RF (10 kA/m and 100 kHz frequency) and
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Laser (5 W/cm? fluence rates and 500 — 1064 nm wavelength) fields. This translates into
useful volumetric SARs of 0.1 — 10s of MW/m3 for concentrations ranging from ug/ml for
Au and mg /ml for 10 (21). Importantly, under these conditions nanoparticles are ineffective
at heating cells or their own surfaces above ambient (i.e. only pK for RF and mK for laser
possible). To achieve = single K (°C) temperature rise at the nanoparticle surface the laser
fluence rate needs to be increased by = 3 orders of magnitude (10* W/cm?) as noted in other
work (21-23). After introducing the basic mechanisms and measurement of nanoparticle
heating several new applications in cryopreservation and diagnostics will be reviewed.

Radiofrequency 10 NP Heating.—Iron oxide nanoparticles couple with radiofrequency
fields and can effectively heat bulk systems (mm — cm) (13; 24). An important advantage of
10 is that typical 100’s kHz radiofrequency fields can penetrate through the entire body
without significant interference or attenuation (25). This allows heating of deep-tissue NP
deposits for the time scales of minutes required for cancer destruction or for warming of
vitrified systems (14; 26; 27).

The SAR for 10 nanoparticles, is dependent on the field strength (kA/m) and frequency of
the field (kHz) for RF heating of a given concentration of 10 (Fe3O4 or Fe,03) nanoparticles
(24; 26). Experimentally, the rate of heat generation can be estimated from the time-
dependent temperature profile of a sample subjected to heating as shown in Figure 1. The
initial temperature increase is linear before the heat diffusion and losses are significant.
Thus, SAR (W/m3) can be estimated as:

dT
SAR = C(—)
PR initial

where p is density, C specific heat and d7/d the initial rate of rise in temperature of the
sample within the experimental apparatus, as previously described (26; 27).

One interesting example of how such an experimental apparatus can be used is in the
characterization of different 10 particle heating. Specifically, Fe304 NPs smaller than ~20
nm generally exhibit a single magnetic domain with superparamagnetic behavior, while NPs
larger than 20 nm have multiple domains with ferromagnetic behavior (13; 26). Thus heating
due to relaxational losses by Néelian (rotation of the magnetic moments within the NP) and
Brownian (due to viscous effects as the entire NP aligns with the external magnetic field)
mechanisms are present. These losses depend on NP size, concentration, magnetic properties
of the nanoparticle, shape and crystalline structure, and have been theoretically described
(28; 29). Numerous studies now focus on experimental work to reach the highest possible
SARs for 10 nanoparticles by controlling both the coating (30), crystalline content and size
(31; 32) and the external radiofrequency fields (33). The heating of 10 nanoparticle is
generally represented as a specific absorption rate (SAR) which is W/mg Fe (26; 32).
However, these idealized measurements come with caveats as work has now clearly
demonstrated that the aggregation state of superparamagnetic particles in high concentration
protein or salt solutions can reduce SAR by up to 50% (34-36). These effects can be
mitigated by appropriate coating such as with mesoporous silica and poly-ethylene glycol
(30). However, this underscores that heating generally requires 10 NP concentrations = 1
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mg/mL for heat based treatment of cancer (26; 37), and for rewarming vitrified systems (14).
In the case of cancer this is a difficult concentration to reach by intravenous injection
followed by passive biodistribution, thereby necessitating interstitial injection of surrounding
tissues with 10 NP solutions (38; 39). It also begs the question of what the local
concentration is and by what imaging technique it can be quantified. Recent exciting work
with special MR pulse sequences including Sweep Imaging with Fourier Transform
(SWIFT) show the ability to quantify 10 nanoparticles up to 3 mg Fe/g tissue, or possibly
higher, for this purpose (14; 40; 41).

Laser Au NP Heating: Alternatively, Au nanoparticles that couple plasmonically to laser
light at specific wavelengths can be used to heat systems in the nm — cm scale (12; 42).
Unlike RF fields, laser light typically attenuates within millimeters of the surface of a
system although near infrared wavelengths (NIR) can penetrate to a cm or possibly beyond
by avoiding water absorption in some systems (12). Nevertheless, Au nanoparticles are
many orders of magnitude more efficient absorbers than 10 using typical CW laser fluences.
This means that laser gold nanoparticle heating can be used on applications that range from
genetic and molecular manipulation, to endosomal drug release, protein denaturation, single
cell destruction, warming of cryogenically stored embryos, and thermal therapy of cancer
(12).

Lasers have been shown to interact plasmonically with gold nanoparticles at defined
wavelengths to affect much more intense heating than iron oxide. For instance, when light of
a given wavelength (and therefore frequency) interacts with metal particles, the
electromagnetic field drives the oscillation of free electrons in the metal. The frequency of
light and electron oscillation converge at the surface plasmon resonance (SPR) where a
maximum interaction occurs. This energy can then be transferred to the metal particle either
by absorption, which ultimately becomes heat, or it can be re-emitted at the same frequency
(Rayleigh scattering) or at a shifted frequency (Raman scattering) (43; 44). SPR leads to
higher absorption and scattering with Au NPs as compared with traditional light interaction
with dyes (45).

Since the optical properties of Au NPs are important for heating applications, accurate
methods to measure and predict them are needed. The measure of absorption and scattering
is typically given as Cgyns and Cycq, the absorption and scattering cross section respectively.
The sum of these is Cgy; the extinction cross-section which is what can be directly measured
in a UV VIS spectrophotometer in the lab. Unfortunately, deconstructing Capg and Cgcy from
Cext requires further work. We have proposed to address this through temperature
measurement on the bulk level. For instance, the SAR is based on laser fluence rate (I —
W/m?) interacting with a concentration of N (#/m3) of NPs with specific absorption cross
sections (Caps — NM2) during heating to create the heat generation:

SAR=NC,J (1)

This SAR (W/m?3) can again be related SARyp (W/mg NP) by multiplying by the NP
concentration as mentioned above. SAR is accessible experimentally by interrogating the
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inlet and outlet power of the laser after passing through the sample. This is shown as P;,; —
P+ Which upon manipulation can be directly related to the power dissipated in a single
nanoparticle, Pgpnpas shown in Figure 2. Furthermore, Cgps (and Cegyt) can be estimated by
Discrete Dipole Approximation (DDA), and compared to experimental bulk heating
measurements as a function of particle polydispersity and fluence (46). Thus, the experiment
in Fig. 2 allows a comparison between the theoretically predicted nanoscale heating (Cgps 1)
and the actual bulk heating to reconcile the true value of Cys as a constant or variable (i.e.
polydispersity) within the system. Recently, this approach was used to assess the heating of
gold nanoparticles and rods and found that spherical Cgpg is not much changed by
polydispersity, but C,, changes dramatically due to polydispersity in rods and can diminish
the expected bulk SAR by up to 70% (46). Further studies using this approach to estimate
SAR reduction (or increase), due to aggregation are planned.

For most applications, a temperature rise = °C within the bulk system is desireable. For
instance, the expression for temperature increase over the environment at the center of a
uniformly heated spherical volume at steady state is (21; 47):

2
R“SAR
AT="—7— @

Assuming all SAR is generating by nanoparticles within this volume of radius R, the
temperature rise at the periphery over the temperature far from the sphere can be obtained

by:

2
R“SAR
AT=2325 (8)

For thermal therapy, we might assume the system to be a spherical tumor that needs to be
heated by 10 °C and calculate the SAR (neglecting perfusion) that would achieve this:

3k-AT(r=R) _3k-10[°C]
5 =

SAR = 5
R R

3)

The inverse dependence on the square of radius is of great significance and indicates why it
is difficult to heat at the nano and microscale with nanoparticles. Specifically, as the radius
of the heated region drops the SAR (W/m3) must increase dramatically. Thus,
radiofrequency heating of 10 is really only feasible in > mm?3 volumes with mg Fe/ml
concentrations (26). Similar heating can be achieved with W/cm? laser fluence rates and
three orders of magnitude lower concentrations (i.e. ug Au/ml). These ideas have already
been applied to thermal therapy of tumors with perfusion using computational approaches
(48; 49). Here we expand the applications for nanoparticle heating into tissue
cryopreservation, diagnostics, and fish embryo rewarming (15; 16; 27).
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2.2 Radiofrequency iron oxide nanowarming for tissue cryopreservation

We have recently demonstrated that IO nanowarming can be used in regenerative medicine
to improve tissue and hopefully one day organ banking as shown in Figure 3. A major goal
of regenerative medicine is to provide tissue and organ transplants to patients suffering from
organ failure or tissue disease on an as needed basis. To achieve this, a source of banked
tissues and organs is needed. Cryopreservation of tissues and storage at low temperatures
provides a potential solution to this problem, with the aid of concentrated cryoprotectant
formulations (6 — 8 M), viable tissues can be cryogenically stabilized in the vitreous (i.e.
“glassy” or “amorphous™) state without ice crystals at vapor phase nitrogen temperatures
(—160 °C) for indefinite time periods (50-53). Indeed, technology to successfully vitrify
whole mammalian (rabbit) kidneys in roughly 80 mL vessels does exist (53; 54).
Unfortunately, rewarming these kidneys or other bulk vitrified biomaterials from liquid
nitrogen temperatures continues to be an engineering challenge as the warming rates needed
to avoid devitrification (or crystallization during the warming) are typically an order of
magnitude higher than the critical cooling rates to avoid crystallization during cooling (27;
54; 55). For instance, in VS55, a commonly used vitrification solution, the critical cooling
rate to achieve vitrification is 5 °C/min which is achievable as already noted, but the critical
warming rates of 55 °C/min needed to avoid devitrification requires nanowarming to achieve
(14; 27).

Importantly, these rates need to also be sufficiently uniform throughout the material to avoid
large thermal gradients. Specifically, temperature non-uniformity produces thermal stresses,
which in turn may drive fracture or cracks within the tissue if they exceed the strength of the
material (tensile strength of vitrified VS55 is 3.2MPa) (56; 57). A benefit of nanowarming is
that the RF fields penetrate with negligible attenuation in comparison to laser, microwave or
other electromagnetic fields. Thus, they can be used to couple specifically to uniformly
loaded iron oxide nanoparticle concentrations. This in turn can allow uniform warming of
larger systems. First we demonstrated proof of principle radiofrequency (RF) heating of
biologically compatible 10 magnetic nanoparticles within 1 mL (1 cm diameter) systems
within a 1 kW RF system (26; 30). More recently, we were able to physically scale up
nanowarming to 80 mL (5 cm diameter) systems in a larger 15 kW inductive heating coil
capable of 20-60 kA/m at a frequency range of 150-400 kHz, and a resulting SARs of up to
several MW/m3 in an iron oxide nanoparticle loaded vitrified system. Importantly, further
work to select or design the highest heating iron oxide nanoparticles for nanowarming is
underway with the design of higher heating cores (32), and the use of higher fields (up to 60
kA/m and higher) in larger 15 — 150 kW RF systems (33). This is important since SAR is
proportional to the square of the field strength so that a 3 fold increase in field from 20 — 60
kA/m should yield a dramatic improvement in SAR and the corresponding warming rates
achievable. So far we have been able to demonstrate that nanowarming can match or exceed
traditional convective rewarming of small 1 mL vitrified tissues, and appears to be fully
scalable to 80 mL where convective warming is insufficient to quickly and uniformly warm
the samples (14). Future work on nanoparticle loaded tissues and organs is currently
underway to more fully probe the promise of this exciting new technology for regenerative
medicine tissue and organ banking.
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2.3 Thermal Contrast Diagnhostics

Thermal contrast uses laser gold nanoparticle heating to improve a simple diagnostic assay
called the lateral flow assay (LFA) (Figure 4). More specifically, the approach is used to
increase sensitivity, quantify antigen burden, and add dynamic range to LFA diagnostics (15;
58).

Lateral flow assays are an ideal point-of-care (POC) biomolecular diagnostic device for both
high-income and resource-limited settings (59-62). The LFA is cheap, fast and easy to use,
making it common in medicine and home applications such as pregnancy testing (63).
Unfortunately, the LFA is generally not quantitative and has low sensitivity to antigen
detection in the uM to uM range (ng/mL to mg/mL) which is roughly three orders of
magnitude less sensitive than laboratory based techniques (ELISA, PCR, etc.) by (63; 64).
Nevertheless, there is an increasing need for highly sensitive molecular diagnostics with nM
to pM detection sensitivity for protein analysis for point-of-care diagnostic devices (61).
While many emerging technologies are being developed for this purpose (quantum dot bio
bar codes, PCR and microfluidics, etc.) modifying or improving the LFA is also an attractive
and potentially less expensive approach. For instance, we have achieved LFA improvement
through laser gold nanoparticle heating, which creates a measurable temperature change
when gold nanoparticles are present on the test line of the LFA (See Figure 4). This in turn
improves the detection, quantification and expands the range of testing for the captured
protein or analyte of interest.

With most existing gold nanoparticle (GNP) based LFAs, antibody-coated GNPs move
within a nitrocellulose membrane through capillary action after the strip has been dipped in
a clinical specimen. When present the target analyte binds to antibody-coated GNPs in flow.
This bound complex stops wicking up the membrane when the captured antibody on the
membrane recognizes the antigen-antibody-GNP complex. This leads to accumulation of
GNPs at the test line of the LFA, creating a visually positive test result, shown in Figure 4 B.
GNPs work well in LFA designs (Figure 4 C) because their size (10s of nm) can be designed
to easily migrate through the many micron sized pores of the nitrocellulose membrane and
GNPs can be easily coated with antibodies. Further, GNPs can be designed to heat under
specific wavelength laser irradiation due to plasmonics, and the amount of heat generated by
GNPs can be described as previously noted in Eqgn. (1)

Thus, GNPs absorb laser light and generate heat in proportion to their number, and therefore
bound analyte present in a diagnostic assay (12). The resulting heating is a guantitative
measurement of antigen bound to the GNPs as shown in Figure 4A (12). Importantly, this
can be incorporated into a portable stand-alone reader device for POC diagnostics (58).
Figure 4B demonstrates the value of this approach on a visually negative sample (S2) which
is actually positive by thermal contrast (15). This concept can be generalized to a population
being tested for Strep throat or Flu where increasing the sensitivity can help reduce false
negatives without waiting for laboratory testing, thereby allowing patients faster treatment
and a reduction in infectious transmission to the general population. In the reader, the laser
excites the nanoparticles and the IR camera or detector measures the rate of heating and the
end-point temperature rise in the LFA after laser exposure. While the data shown is a
dilution study of a patient sample, a follow on study was able to also show benefit in a
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clinical cohort study of Cryptococcus (65). The reader was then tested on malaria, C.
difficile and flu demonstrating 8 fold increase in threshold detection values without any
modification of the existing commercial LFA (58).

While this is an encouraging result, LFAs are still orders of magnitude less sensitive and
quantitative than laboratory based approaches. Thus, work is now focused on redesigning
LFAs to function with the reader to achieve laboratory levels of detection and quantification
while maintaining the speed, simplicity and low cost of the LFA. This goal appears within
grasp as the absorption cross section of GNPs can be improved 10 - 100x by careful
selection of wavelength and GNP design. Furthermore, the background absorption of the
LFA membrane backing can be replaced by transparent material allowing a 10 x increase in
laser fluence (i.e. the backing material will not overheat). This suggests that new thermal
contrast LFAs may yield up to a 1000 fold improvement in detection. This would allow LFA
analyte detection to move from the existing range (UM to pM) to the desired range (nM to
pM) competitive with existing laboratory techniques thereby benefiting numerous
diagnostics at the POC in both the developing and first world (15; 61).

2.4 Laser gold nanowarming for fish embryo cryopreservation

Laser gold nanorod heating has recently also been used to improve cryopreservation of fish
embryos (16). This area is of increasing importance as in the past decade, laboratories
around the world have produced tens of thousands of mutant, transgenic, and wild-type
zebrafish (Danio rerio) lines for a wide range of vertebrate genetics and biomedical research.
Maintaining all of these valuable genotypes is expensive, risky, and beyond the capacity of
even the largest stock centers. Moreover, the difficulty and expense of transporting live
zebrafish colonies makes multi-institutional research on zebrafish rare. In addition to the
need to bank research materials, there are increasing needs to preserve the biodiversity of
dwindling aquatic and other species world-wide (66). To date, zebrafish sperm have been
successfully cryopreserved, but zebrafish embryos have not.

There are many barriers to successful zebrafish embryo cryopreservation (67-70), with
perhaps the main issue being it’s large volume (800 u diameter). Nevertheless, both mouse
oocytes (80 um) and zebrafish embryos can reach a cryogenically stable state in liquid
nitrogen by using ultra-fast cooling at roughly 90,000 °C/min with a Cryotop™ system (71;
72). To achieve this process both oocytes and embryos need to be loaded with roughly 2 M
cryoprotective agents (i.e. propylene glycol, a biologically compatible anti-freeze). While
the smaller oocytes can be passively loaded prior to cooling, zebrafish embryos at 1000
times the volume of the oocyte and low permeability membranes cannot. Thus, micro-
injection of CPAs into the zebrafish embryo has been used followed by rapid convective
cooling to achieve a cryogenically stable state.

Unfortunately, even though the fish embryo is presumed stable and viable, it has never been
successfully rewarmed from this state. In short, convective warming is too slow and has
consistently led to failure. Recently, however, new work has now shown that much faster
rates of warming can be achieved using laser heating of india ink. This has led to dramatic
recovery of vitrified mammalian oocytes when the ink is deployed around the 80 — 100 um
oocytes (71; 72). Unfortunately, extracellular deployment of the absorber fails upon laser
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warming with zebrafish embryos. We recently reported the first limited success by injecting
biologically compatible gold nanorods instead of india ink, which was found to be toxic,
within the larger zebrafish embryo. As micro-injection of CPA is already used, we were able
to add 2 pM plasmonically active gold rods (1064 nm resonant) both into the embryo and
surrounding it. This allowed the cryogenically stable embryo to be both warmed from a
1064 nm laser pulse (~1 ms) that heats the GNRs and surrounding embryo as shown in Fig.
5.

The projected rate of warming of 1.4 x 107 °C/min effectively outruns any ice growth
yielding 30% viable and developing embryos. While the viability drops to just 10% over 24
hr and no survival has been recorded beyond 3 days, this is still promising in comparison to
0% viability, structure, or movement at all time points in convectively warmed controls.
Further work investigating laser absorbers with pulse time and laser fluence rate are under
way to optimize this approach. With further improvement these results suggest the potential
in the future to bank embryos of zebrafish, an important biomedical vertebrate model
system, transform the maintenance of genetic diversity of other fish while establishing a
platform technology for germplasm banking of other vertebrate and non-vertebrate species.

3. MACRO - BODY CORE TEMPERATURE MANIPULATION

In comparison to the new fields of BHT at the nano and micro scales, macro scale studies go
back to the beginning of the discipline and constitute the primary legacy. Although macro
scale bioheat transfer has been explored actively for centuries, it is interesting that in recent
times there have been major innovations and advances with the potential for significant
health benefits. Many are driven by therapeutic needs, but it is interesting that some heat
transfer methods have demonstrated health prophylaxis. For example, heat and cold have
been used therapeutically to enhance the healing of injured soft tissues for centuries and
even millennia (73). Nonetheless, advances in understanding the physiological response to
heat and cold has facilitated more effective and lower risk technologies (74-77). Likewise,
energy based surgery methods have continued to evolve in diverse directions, supported by
innovations in devices and instrumentation (78; 79). Unfortunately, space limitations do not
permit any of these advances to be discussed in detail. Rather, a recent totally unanticipated
discovery by the second author will be presented. Although the technology and its clinical
translation are still in the emerging stages, the story illustrates that there remain
opportunities for combining innovations in engineering and physiological understanding of
bioheat transfer to produce new therapeutic methods.

3.1. Thermoregulatory Control Mechanisms

At the whole body scale there have been important breakthroughs in understanding
physiological functions that govern heat transfer processes. One area of interest deals with
how the body moves heat between the core and periphery so that it may be exchanged with
the local environment. Although it has long been known that blood flow to the arteriovenous
anastomoses (AVAS) in glabrous skin (glabrous skin blood flow — GSBF) of the palms and
soles constitutes the primary heat transfer portal between the body core and the environment
(80-82), this access has generally only been available under special conditions of heat stress
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or surgical procedures with general anesthesia that result in a state of AVA vasodilatation.
The mechanisms that control blood flow for regulatory heat transfer have been studied
extensively (83), and it is clear that there are unique, differential processes that govern
convective blood flows to the glabrous and nonglabrous regions. The preoptic anterior
hypothalamus (POAH) is clearly the key control component, it is thought that other control
centers may also be involved (81; 83; 84).

We have recently discovered that simple and safe heating on selected areas of the skin
surface can open the AVA flow on demand, thereby creating a convenient and effective
pathway to induce heat flow between the body core and environment. Upregulation of AVA
flow is produced by mild heating superficial to the spinal cord, particularly in the cervical
region. The method is called selective thermal stimulation (STS) in which a small amount of
energy is input to a very localized volume of control tissue to produce a much larger overall
thermoregulatory effect (85; 86). This technology can be applied to develop a new
generation of therapeutic devices based on having proactive access to control of
thermoregulation processes.

3.2. Selective Thermal Stimulation in Animals

The existence of an extracerebral thermoregulation control function associated with the
spine has been recognized for more than 100 years (87). Manipulation of the spinal cord
temperature as a means of controlling body temperature has been practiced more than 50
years (88), including demonstration experiments in more than a dozen mammalian and avian
species that maintain a constant core temperature, including the ox (89), goat (90), sheep
(91; 92), dog (93-95), pig (96), cat (97), guinea pig (98), rat (99), monkey (100), rabbit (101;
102), pigeon (103), penguin (104), and goose (105). Virtually all of these foregoing
experiments were conducted using a highly invasive procedure in which water circulation
tubing was implanted along the length of the spine through or around the vertebral canal
and, sometimes, also surrounding the hypothalamus. Water was circulated at regulated
temperatures to establish the temperatures of the spinal cord and hypothalamus
independently. For example, in dogs (93-95), separate individual warming of the
hypothalamus and of the spine both caused animals to upregulate their endogenous heat
rejection processes. This response presumably occurs because key thermosensory tissues are
made locally warmer than the body in general, eliciting a response to reject heat, even
though the region of over-heating is limited to the spine or hypothalamus. When both
warming stimulations were applied simultaneously, the effect was additive, beyond what
could be achieved by either hypothalamic or spinal control individually (94). The threshold
core temperatures were reduced from normal conditions for which heat rejection
mechanisms are invoked. Further, individual and simultaneous cooling of the spine and
hypothalamus produced the same type of results. The magnitude of metabolic upregulation
due to shivering was greater of simultaneous cooling stimuli than for cooling either the spine
or hypothalamus individually (94).

Perhaps one of the most impressive demonstrations of this phenomenon was developed
using oxen as a model subject (89). A 234 kg Ox had ten U-shaped polyethylene water flow
tubes inserted into the peridural space of the vertebral canal spaced from the lower lumbar to
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the upper cervical region six weeks prior to experimentation. The animals were placed into a
(very large) calorimeter to measure heat transfer with their environment during spinal
heating during a series of 9 trials at serially higher stimulation temperatures covering the
range from 40°C to 47°C. For heating periods as long as six hours the subjects rejected heat
to the environment at a rate greater than their basal metabolism and that was in proportion to
the heating temperature. Thus, the core temperature measured at the external meatus
dropped (from the thermoneutral value of about 38.5°C) until a new equilibrium state was
reached, although for the strongest stimulations, the core temperature was still falling after
six hours at 33°C. The rate of stimulation heat input was easily measured from the flow rate
and temperature change of water as it passed through the tubing, and the rate of heat
rejection was obtained directly from the calorimeter. For all trials, during the first hour of
heating, the gain for the process defined as the ratio of rate of heat rejection to rate of
stimulation heat input was approximately 8:1. Although only a very localized region of
thermoregulatory tissue along the spine was being heated, the animal’s response was to
reject eight times as much body heat to the environment. In a somewhat complementary
experiment microwave heating of the hypothalamus of goats (106) resulted in a 10°C core
temperature drop, pointing to the parallel thermoregulatory control functions in the
hypothalamus and spine.

Although there exists data from many labs that document the combined control of effects of
the hypothalamus and spinal cord on thermoregulation, the mechanism this interaction has
not yet been fully clarified. Some researchers have characterized the effect as additive (94;
95) and others as multiplicative (107). Most importantly, although many years have passed
since the foregoing early animal experiments, this phenomenon remains to be characterized
in humans.

3.3. Selective Thermal Stimulation in Humans

The implications of adaptation of selective thermal stimulation (STS) in humans for
translation to therapeutic devices is significant. Hypothalamic control over thermoregulation
is endogenous and is continuously operational except for special circumstances such as
anesthesia (108). The human hypothalamic controller is constantly engaged and is
responsive to dynamic alterations in a person’s physiological state, the level and nature of
physical activity, and to environmental thermal loading, be it cooling, neutral, or heating. It
directs physiological thermal function within performance boundaries that are well
understood. However, if STS acts additively to the hypothalamus, or just augments the native
strength of the process of convective heat flow between the body core and surface, there may
be circumstances in which thermoregulatory function may be boosted by activation of STS
for therapeutic benefit. One can either lower or raise the core temperature by a two step
process of first using STS to enhance AVA blood flow, and second, applying heat exchangers
to the glabrous skin surfaces to add or remove heat from the blood before it returns to the
core. This approach can extend the magnitude of operation of thermoregulatory processes,
providing access to therapeutic states not otherwise available. Heller and Grahn have
developed an alternate mechanical means of upregulating glabrous skin blood flow based on
exposing distal limbs to a negative pressure to distend AVAs for which substantial blood
flow is already established (80; 109-111). Presumably, because sympathetic vasoconstriction

Annu Rev Biomed Eng. Author manuscript; available in PMC 2019 June 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bischof and Diller

Page 12

is invoked via an upstream neurological flow sphincter, it is not possible to mechanically
distend an AVA that is not already actively flowing.

It is intriguing that although the power of STS in directing thermoregulatory process has
long since been demonstrated in numerous mammalian and avian species, it appears that
there has never been a translation to humans, even though implications for adaptation in
therapeutic processes is very attractive. However, we have now implemented and measured
the STS phenomenon in hundreds of human trials. A large number of these trials were
exploratory to characterize STS after it was first realized in humans. A typical physiological
response is shown in Figure 6 for which GSBF was monitored via a laser Doppler flow
probe mounted to the finger pad. A short initial period is used to establish baseline perfusion
for the subject, following which STS is alternately applied and withdrawn via a heating pad
applied on the cervical area. The GSBF follows STS upward and downward with a time
delay, in this case, of about 5 to 10 minutes. Mechanistically, part of this delay is associated
with the diffusion of heat between the skin surface and deeper sensory tissues, but that is
generally no more than a few minutes, depending on anatomical variables such as thickness
of the subcutaneous fat layer. Other contributing factors may include the temporal
functioning of the control network, that may vary substantially among individuals, and the
current dynamic status of thermoregulatory control. This latter factor is complex and
nonlinear. It has been described as a thermoregulatory momentum relating to the magnitude
and direction of AVA vasoactivity (85), although the mechanism has not been identified.

A complementary study is in process to assess STS from an alternative perspective. This
study is based on classic foregoing studies by Sessler and colleagues on the influence of
anesthesia on thermoregulatory control in humans. Figure 7 presents data for the effect of
one anesthetic agent, desflurane (112), that acts consistently with other anesthetics
(112-117). Subjects participated in a randomized cross-over trial in which they were cooled
from a thermoneutral state of minimum AVA vasoconstriction achieved by a combination of
warming the core and mean skin temperature. With the mean skin temperature held constant
by a water perfusion suit, the core temperature was lowered by central venous infusion of
cold lactated Ringer’s solution. The thresholds for onset and completion of AVA
vasoconstriction were noted, followed by the threshold for shivering. Anesthesia
substantially lowered the temperature at which vasoconstriction initiated, meaning that high
levels of GSBF were maintained at core temperatures far lower than normal, leading to the
hypothermia that occurs during surgery (perioperative hypothermia). All anesthetic
modifications of thermoregulation were dose dependent (108).

Our STS experiments were designed with the same perspective (based on advice from the
Sessler group) to determine whether STS would significantly lower the threshold
temperature for vasoconstriction onset. If so, then by applying heat exchangers onto the
glabrous skin surfaces (palms and soles), it is possible to manipulate the heat flow into and
out of the core under physiological conditions not otherwise available. Although the full
trials are not yet complete, Figure 8 shows exemplar control and STS data for a subject
cooled from a state for which vasoconstriction initially was minimized by warming the mean
skin temperature with a water perfused suit. This data illustrates that STS does indeed lower
the threshold temperature by about 0.5°C for the onset of vasoconstriction during cooling
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from the thermoneutral state thereby creating a substantial window of opportunity to effect
high level convective heat transfer via blood flow to the core that would not be available
without STS. A second feature of the data is that the precooling level of GSBF is higher with
STS than during control when it was maximized only by manipulation of mean skin
temperature. The implication is that the combined effects of mean skin and core
temperatures plus STS on GSBF appears to be greater than of either individually. Although
these results are not yet fully documented, they align with the past experiments on
mammalian and avian species by Jessen and others (88). Further data relating to this
phenomenon is presented in the following section. A major advantage of STS is that opens
the opportunity to proactively and effectively manipulate the body core temperature for
diverse medical purposes, some involving cooling and some heating. Further, apart from
heat transfer effects, vasodilating the AVAs alters the peripheral vascular resistance of the
cardiovascular system, which also has multiple substantial implications for health and well-
being.

4.4. Therapeutic and Prophylactic Applications of STS

Three applications of STS will be discussed briefly: one for adjusting the core temperature
upwards; one for adjusting the core temperature downwards; and one for depressing the
action of vasoconstriction on AVAs to achieve a higher level of GSBF. The first two involve
applying either cooling or warming heat exchanges to the palms and soles in conjunction
with having GSBF upregulated by STS. The latter simply uses native heat exchange with
environmental air during sleep.

Warming the body core is of critical clinical importance during surgical procedures under
general anesthesia. Perioperative hypothermia of even 1°C may lead to an array of adverse,
serious complications (118) such as bleeding disorders (119), increased surgical site
infections (120), extended hospitalization (121; 122), and morbid cardiac events (123).
Consequently, the standard of care during surgery under anesthesia is to use some form of
warming to defend against the occurrence of perioperative hypothermia. By far the most
widely adopted method is via forced air heated blankets of which there are multiple
alternatives (124), although alternative methods exist such as circulating water garments
(125) and solid state resistance heaters (126). Given the relatively poor convection properties
of air, it is not surprising that the alternatives out perform it thermally, although the relative
performance remains a somewhat controversial issue (127; 128). A recent study of more
than fifty-eight thousand patients who underwent surgeries lasting more than an hour and
who received forced air warming showed that about 2/3 experienced a core temperature drop
below the target value of 36°C at some time during their procedure (129). Clearly, there is an
opportunity for improved thermal performance of these perioperative warming devices. Plus,
there is accumulating, though still equivocal, data that the exhaust flow from forced air
warming may entrain bacterial contaminants and introduce them into the surgical site,
especially during total joint replacement procedures (130-133).

STS offers a potentially advantageous alternative to existing technologies for core
temperature manipulation. Although anesthesia previously has been thought to fully
vasodilate AVAs, which is does in the absence of an independent stimulation that acts
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additively, a recent preliminary clinical trial on a diverse group of twelve patients during
surgery resulted in an average additional increase of 40% in GSBF above the level
established during a hour or more of prior anesthesia. The implication is that STS in
conjunction with heating the palms and soles will be more effective in maintaining core
temperature by using the body’s natural heat transfer pathway than is heating applied over
large areas of nonglabrous skin by circulating air, water or other means. In addition, the
application of heating pads to the palms and soles blocks the primary site of heat leak from
the core during anesthesia when other warming means are used, and provides much better
access to the body surface during surgery. Further clinical studies are currently in progress to
measure the ability of STS in combination with glabrous skin heating to warm the body core
in anesthetized subjects.

In a second parallel study, STS is applied in conjunction with mild cooling of glabrous skin
surfaces to lower the body core temperature on demand. Key application areas include
providing therapeutic hypothermia in response to medical events that cause major organ
ischemia, especially of the brain. These encompass cardiac arrest, stroke, and traumatic
brain injury, among many others. Lowering the core temperature presents a striking
physiological challenge since the body has effective defense mechanisms to guard against
any significant drop in its internal temperature. As noted earlier, these thermoregulatory
processes are invoked with a tight control bandwidth of just a few tenths °C. Since
therapeutic hypothermia has been demonstrated to reduce morbidity and mortality when it
can be applied in a timely and effective manner, there is a great incentive to develop methods
and devices to use it clinically. A diverse collection of approaches are in practice that use
processes such as: to apply intense cooling over a large portion of the body surface to
overwhelm the ability of the thermoregulatory system to defend itself; to invasively
introduce cold fluids intravenously or via lavage to thermally dilute the energy stored in the
core; and/or to apply pharmacological agents to immobilize thermoregulatory function. All
of these approaches have inherent disadvantages, not the least of which is that they are most
judiciously applied only within a medical facility and require trained personnel. Since the
tissue deterioration process begins with ischemia induction, it is of advantage to be able to
start hypothermia as soon as possible, most desirably within the first 90 or so minutes when
the “critical window of opportunity” exists for low temperatures to reverse ischemic damage.

STS based devices and methods offer a unique alternative to resolving all of the foregoing
limitations. An STS source for cervical heating can have a light weight and small footprint
for convenient storage, is totally noninvasive, and can be applied immediately in the field
without the need for advanced training. Calibrated chemical cooling sources can be applied
as heat exchangers to the glabrous skin surfaces. It is important that the cooling temperature
not be too low in order to avoid locally induced vasoconstriction that would obviate
convective heat transport with blood (134). By lowering the effective core temperature for
AVA vasoconstriction, STS provides an opportunity to safely and effectively remove energy
from the body by endogenous mechanisms that minimize collateral stress applied during the
process. This approach is parallel to that applied many decades previously by Jessen and
colleagues to induce oxen to reject copious amounts of internal heat to lower their core
temperatures (89). Initial testing indicates that cooling rates from human subjects on the
order of 140W are possible and that these should be clinically significant (85).
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A third arena of use for STS is to enhance the onset and quality of sleep. Long-standing
research in thermal physiology has documented that the human thermoregulatory system
operates on a circadian cycle in coordination with sleep (135; 136). The thermoregulatory
cycle is functionally involved in driving the sleep-onset process (137), although the inverse
is not true (138). GSBF plays a key role in governing sleep performance. Krauchi has shown
how modulation of blood flow to AVAs in glabrous skin of the hands and feet plays a major
role in determining sleep quality. Vasodilated AVAs (warm hands and feet) promote rapid
sleep onset (139), whereas vasoconstricted AVAs produce delayed sleep onset (140).

Physiological sleep data show that as late hours in the circadian cycle approach, there is a
significant upregulation in GSBF, opening the primary heat exchange portal from the
warmer core to the (usually) cooler environment. A subsequent drop in core temperature
occurs via enhanced convection of blood to glabrous skin, facilitating the loss of core heat to
the environment, with a time constant on the order of 2-3 h, and with sleep onset following
thereafter in an additional 0.5 h (141). Another important benefit of AVA vasodilation during
sleep is that the diminished terminal vascular resistance to blood flow results in a reduced
sleep-time blood pressure that is increasingly recognized as protective against risk of
cardiovascular diseases and major organ (kidney, eye, etc.) pathology (142; 143). An
overnight dip in blood pressure has been identified as a significant contributing factor in
lowering the occurrence of cardiovascular derived events by as much as 1/3 or more, even
when daytime blood pressure is elevated - hypertensive (144). The National Sleep
Foundation (145) has identified that one or more symptoms of insomnia, including
prolonged delay in sleep onset, poor sleep continuance, waking too early, and feeling
unrefreshed in the morning, are experienced by an estimated 50% of the US adult population
at least a few nights per week, often compromising daytime performance and increasing the
risk of experiencing driving, home, and workplace accidents (146; 147). Absence of the
normal nocturnal decline in core temperature by about 1°C can be associated with sleep-
onset insomnia (148). Common causes of abnormally high nighttime temperature are
improper HVAC environment, circadian rhythm dysregulation (e.g., jet lag, shift work), and
thermoregulatory dysfunction. The latter condition may occur at any time of year and is
thought to affect tens of millions of US citizens. Typical accommodation is attempted by
downward adjustment of the air temperature in the sleep room, with targets as low as 60°F to
68°F (15.6°C to 20°C), quite often to the discomfort and consternation of the sleeping
partner.

In view of the foregoing information, it is clearly anticipated that STS may be efficacious for
enhancing sleep onset and quality and for facilitating a transient drop in overnight blood
pressure by suppressing vasoconstriction of AVA flow. STS may be applied shortly prior to
the desired time of sleep onset with a defined set of physiological responses: distal AVAS
will be vasodilated (i.e., vasoconstriction suppressed) resulting in warming of hands and
feet; core heat loss via GSBF will increase, precipitating an early initiation to the overnight
core temperature drop; and the desired dip in blood pressure will begin early in the sleep
cycle, providing an extended period of overnight cardiovascular recovery.

Figure 9 shows overnight physiological data for a sleeper with and without the use of STS
for a brief period at bed time. This data illustrates the efficacy of STS relating to sleep
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function for a subject who typically experiences difficulties in falling to sleep after going to
bed. The data starts with a 20 min baseline period prior to STS. Plot (a) illustrates blood
flow to glabrous skin on the sole of the foot as monitored with a laser Doppler flow meter. In
the control trial without STS the blood flow is in continuous decline for more than 3 hours,
associated with difficulties in sleep onset. With STS applied, blood flow to the feet is
initiated early in the sleep cycle and rises rapidly to a maximum value that is maintained
through the night. (b) presents data for surface temperature on the foot sole. Both the control
and STS trials directly reflect the levels of GSBF. Warm feet are consistent with a 3X
average shorter period required for sleep onset (139). (c) shows overnight core temperature
values. A significant drop in core temperature is required for a quality sleep experience (135;
149; 150), and heat transfer from glabrous skin with a high blood perfusion rate is the key to
eliminating heat from the body core. With the upregulation in GSBF produced by STS, core
body temperature drops immediately and continuously to the overnight nadir. In contrast, for
the control trial core body temperature remained elevated at a high level for several hours
before an eventual fall. The time lag of nearly fours hours most likely represents a loss in
restorative sleep potential through the night. (d) shows the continuously monitored mean
arterial pressure. Longitudinal studies have documented long term health benefits from an
extended significant dip during sleep (143). With early STS induced vasodilation of large
bore AVAs (about ten times the diameter of capillaries), the cardiovascular resistance against
which the heart must pump is reduced, thereby allowing a depressurizing of the system
overnight. In contrast, in the absence of STS at the start of the overnight cycle, the MAP
remains elevated for hours before eventually dropping.

Implementation of STS into the sleep environment can be minimally obtrusive and may be a
valuable technology to increase sleep performance. For people who suffer from insomnia
associated with thermoregulatory dysfunction, STS can provide a direct method for relief.
For people who are “normal” sleepers, it is likely to still lead to an improved sleep
experience and daytime function.

5. CONCLUDING THOUGHTS

Bioheat transfer offers a research platform rich in opportunities for applying engineering
principles to the design and development of important new medical devices and methods.
The pathways are diverse, with many remaining to be discovered. This review shows
examples that cover many orders of magnitude in length scales from nano to physiological
and from technology bases from long established thermoregulation to state-of-the-art
nanoparticle heating. By no means is the material coverage comprehensive. There is every
reason to believe that the future holds new discoveries that will contribute substantially to be
betterment of medicine and society.
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ACRONYMS AND DEFINITIONS

AVAs Arteriovenous Anastomoses are shunt vessels between arterioles and
venules that can vasoregulate to large diameters that accommodate
high blood flow rates and convective heat transport.

BHT Bioheat Transfer involves the generation and transport of heat in
conjunction with the broad array of processes that are required to
sustain life. Compared with the more general field of heat transfer,
bioheat transfer is characterized by systems and materials that are
more likely to be anisotropic, heterogeneous, have complex
geometries, and are often regulated by highly nonlinear feedback
control.

GSBF Glabrous Skin Blood Flow is circulation of blood through AVAs for
high performance thermoregulatory heat exchange.

STS Selective Thermal Stimulation is the application of mild heating to
peripheral thermoregulatory tissue, especially along the cervical
spine, to cause upregulation of GSBF.
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SIDEBARS

Selective Thermal Stimulation. It has long been recognized that a primary site for
thermoregulatory thermostat control is resident in the brain (preoptic anterior
hypothalamus). However, it has now been documented that parallel thermostat structures
exist peripheral to the brain, most prominently along the spinal cord. This peripheral
location provides an opportunity to apply safe noninvasive thermal stimulation to
manipulate thermoregulatory function to therapeutic or prophylactic advantage for a
number of important physiological applications. STS offers an approach to orchestrating
thermoregulatory function that is both effective and safe since uses gentle thermal
stimulation methods to cooperatively conscript the body’s natural mechanisms for
moving heat between the core and periphery. The result is that devices can be used that
combine simple componentry and function with sophisticated physiological principles of
operation.
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Figure 1.
SAR and AT measurements during iron oxide (10) nanoparticle heating. (A) typical field

strength and frequencies used in an inductive RF coil to heat solutions and tissues loaded
with 10 nanoparticles. (B) COMSOL model of the field strength within the RF coils used to
heat the 10 nanoparticle laden systems (Modified from (26)).
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Figure2.

Photothermal heating experimental setup to determine SAR and Cabs. (A) Schematic and
image of experimental setup; (B) heating experiment where P j, and P o, is measured to
establish gold nanoparticle SAR. The SAR is calibrated to a resistor dissipating a known
amount of heat. Figure modified and reproduced from (46) with permission.
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Tissue Transplant

Nanowarming

Nanowarming for Regenerative Medicine. Schematic of tissue harvest followed by

cryoprotective agent loading and cooling into gaseou
nanoparticles loaded into the system are activated in
uniformly warm the system to avoid devitrification (i

s nitrogen. After storage the 10
a radiofrequency field to quickly and
.. crystallization) and cracking. This

allows for high viability and function which can eventually be used in transplantation.

Modified and reproduced with permission from (14).
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Thermal contrast for improved lateral flow assay diagnostics: (A) Schematic of the Thermal
Contrast approach; (B) visual vs. thermal results for negative control, visually negative but
thermally positive (S1) and visually positive (S2) LFAs. (C) LFA design components; (D)
thermal vs. visual contrast of a dilution study on Cryptococcus infected patient blood
demonstrated 32 fold improvement. Reproduced with permission from (15).
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Live and Developing Embryo

Figureb.
Gold laser nanowarming for improved zebrafish embryo cryopreservation. Here gold

nanorods and cryoprotective agents are micro-injected into a zebrafish embryo prior to
cryogenic stabilization. Warming is achieved by plasmonically coupling to the gold
nanorods with a laser for fast and uniform warming to avoid devitrification and cracking.
The zebrafish can then continue to grow and mature. Reproduced with permission from (16).
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PPG (mV)

Plot of blood flow in the finger pad during an STS trial. Perfusion is plotted on the vertical
axis as parallel laser Doppler flowmeter (LDF) and photo plethysmography (PPG) outputs in
arbitrary units. STS was applied by heating on the skin surface at the cervical spine at a
temperature of 40°C. Baseline data shows a high level of vasoconstriction. STS was active
from 13 to 43 min, followed by 20 minutes of passive cooling, and then a second STS
episode starting at 63 min.
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Figure7.
Kurz and Sessler experiment to measure the effect of anesthesia (Desflurane) on depression

of threshold core temperature for initiation of vasoconstriction of AVAs during cooling from
a thermoneutral state (112). Mean skin temperature was held constant during venous
infusion of cold fluid to drop core temperature at 1.5°C/hr. Separate trials were conducted on
two days with and without (control) anesthesia. The anesthesia dropped the vasoconstriction
threshold temperature by 1.2°C and reduced the gain by a factor of about 3.
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Figure 8.
A similar experiment conducted with STS rather than anesthesia. Equivalent core

temperature was calculated as the weighted average of actual core (80%) and mean skin
(20%) temperatures (151; 152) during cooling from a thermoneutral state of full AVA
vasoconstriction achieved by adjusting circulating water temperature in a full body suit.
Mean skin temperature was dropped by reducing temperature of water circulated through the
suit. STS was applied continuously starting at the thermoneutral state, achieving a higher
GSBF prior to cooling. STS reduced the vasoconstriction threshold temperature by about
0.5°C, but increased the gain by a little over 2.
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Figure.

Overnight physiological data measured on a subject who slept one night without using STS
(lower blue plots) and one night with STS applied for 30 minutes at the time of going to bed
(upper orange plots). The start and finish of STS are denoted by the vertical lines. (a) Blood
flow to glabrous skin of foot measured from an initial 20 min baseline period. (b)
Temperature on the foot sole. (c) Core temperature measured with a sublingual probe. (d)
Mean arterial blood pressure.
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