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Abstract

Human disease management strategies are gradually shifting from the traditional approach towards personalized medicine.
Thermal therapy comprising of clinical hyperthermia and therapeutic hypothermia has been subject of recent research.
However, both have suffered in clinical trials because thermal monitoring is not impressive and delivering the appropriate
amount of heat to the appropriate part of the patient’s tissues is challenging. Hence, this study is aimed at addressing these
challenges by technically merging the principles of magnetic resonance relaxation to the Bioheat transfer phenomenon. The
analytical solutions to the Pennes Bioheat equation are connected to radiofrequency (RF) power absorption in tissue that is
dependent on the magnetic resonance relaxation parameters. A carefully selected RF field is used to control the model for
hyperthermia and therapeutic hypothermia. The solution obtained is then applied to hyperthermia treatment of tumours and
therapeutic hypothermia of the brain. The thermal profiles obtained do not only show excellent contrasts between different
tissues but real time monitoring of tissue thermal response is very impressive. By producing individualized virtual tumours
that may predict disease progression, the thermal profiles based on the controlled parameters developed in this study can
contribute to the ongoing dialogue regarding the design of appropriate response criteria, provide a means to perform virtual
clinical trials to assess the likely benefit of novel neurotherapeutics, and move neuro-oncology toward individualized treat-
ment plans optimized for maximum benefit.

Keywords Magnetic resonance imaging - Bioheat equation - Theranostics - Specific absorption rate (SAR) - Hyperthermia -
Therapeutic hypothermia

List of symbols )

Irradiation frequency of the RF field (Hz)

p Tissue density (kgm™) 0, Larmor frequency corresponding to the static field
c Specific heat of tissue (Jkg‘lK‘l) (Hz)
T Tissue temperature °C) ®; Frequency of RF-induced rotation (Hz)
t Exposure time (s) T, Transverse relaxation time (s)
W,  Volumetric perfusion rate (kgm™3s7h T, Longitudinal relaxation time (s)
Ch Specific heat of blood (Jkg~'K™!) a Thermal diffusivity (m?s~!)
Py Density of blood (kgm™) Qo A constant temperature (°C)
T, Supplying arterial blood temperature (°C) P RF power absorbed per unit volume by the spins of
k Thermal conductivity of tissue (Wm™'K™ the tissues
SAR  The local specific absorption rate (Wm™>) B, RF magnetic field (T)
Y Gyromagnetic ratio (s~'T") B, Static magnetic field (T)
M,  Equilibrium magnetization (Am™) G Magnetic field gradient (Tm™)
& RF dimensionless controlled parameter
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1 Introduction

Recently, the cost of disease diagnosis and treatment has
been on the rise [1]. Unfortunately, the rising cost is not
translating to significant reduction in disease related deaths.
Recent disease management strategies are now gradually
shifting from the traditional “one drug fits all” approach
towards personalized medicine, in which drugs are spe-
cifically administered to a patient at the right time [1-3].
Although the possibilities and prospects of personalized
medicine are undoubtedly impressive, its potential is yet
to be fully explored [1, 4, 5]. In recent times, it has been
discovered that heterogeneous diseases may be attacked
effectively by developing specific treatment plans that are
generally referred to as personalized treatments or thera-
nostics [6].

Theranostics is a portmanteau of therapeutics and diag-
nostics. It can be diagnosis followed by therapy to stratify
patients who will likely respond to a given treatment or
therapy followed by diagnosis to monitor early response to
treatment and predict treatment efficacy. It is also possible
that diagnostics and therapeutics are developed together [7].
The utmost goal of theranostics is to gain the ability to image
and monitor the diseased tissue, delivery kinetics, and drug
efficacy with the long-term hope of gaining the ability to
tune the therapy and drug dose with ultimate control [8,
9]. It has also helped in streamlining the drug discovery
and development processes due to the number of scientific
breakthroughs that have been brought together in the course
of developing theranostic modalities [1]. For example, the
human genome project and the development of biomarker
initiatives have led to improved understanding of human dis-
ease progression [1, 10]. Theranostic methods avail clinical
scientists and physicians with high value scientific decision-
making during treatment of diseases. It has the ability to
identify patients who may not respond to a drug or who are
likely to experience side effects thereby improving clinical
outcomes and safety [1, 10]. Theranostics has proved to be
very important in increasing the efficiency of drug develop-
ment processes by elucidating mapping of patients to the
benefits of new drugs; thus improving health economic plan-
ning since physicians now have more control over the choice
of optimal and cost effective therapy to be employed [10].

There is obviously no doubt in the potential of theranos-
tics in improving healthcare. However, there are a number
of challenges that must be overcome before becoming exclu-
sively embedded in routine clinical practices [1, 10]. One of
the most important challenges is the availability and use of
a single platform for diagnosis and therapy.

Several theranostics strategies have been developed for
the diagnosis and treatment of human diseases, mostly
with emphasis on imaging and treatment of cancer [8].
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For example, therapeutic modalities such as nucleic acid
delivery, chemotherapy, hyperthermia (photo-thermal abla-
tion), photodynamic, and radiation therapy are presently
being combined with one or more imaging functionalities
for both in vitro and in vivo studies of diseases [8]. In fact,
several imaging agents, such as magnetic resonance imaging
(MRI) contrast agents (T, and T, agents) [8, 11], fluorescent
markers [8, 12] (organic dyes and inorganic quantum dots),
and nuclear imaging agents (PET/SPECT agents), can be
functionalized with therapeutic agents or therapeutic deliv-
ery methods [12] in order to facilitate their imaging and
consequently gain information about the trafficking path-
way, kinetics of delivery and therapeutic efficacy [8]. New
theranostics methods using MRI and boron capture therapy
(BNCT) for treatment of cancer are now widely explored
[13, 14].

It has recently been suggested that it is possible to
develop a dedicated theranostic methods in which a spe-
cially selected RF field is used to heat up tissues and simul-
taneously cause the spins of the tissue to emit magnetic
resonance signals [15]. This method may also be termed
thermal therapy [16] which comprises of hyperthermia treat-
ment (commonly called clinical hyperthermia) [17, 18] and
therapeutic hypothermia [19].

Therapeutic hypothermia is a clinical treatment technique
which is used to decrease the body core temperature and
according to recent research efforts [20-22], target tempera-
ture ranges between 32 and 34 °C have been suggested for
use in post-cardiac arrest therapeutic scenarios. This is con-
sistent with clinical recommendations. For example, physi-
ological problems that cause circulatory arrest within the
brain leads to a sequence of neurological events; conscious-
ness is lost within the first 10 s and after 20 s, electroen-
cephalographic activity shows no net electrical charge [21,
23]. As a consequence, energy stores become depleted due
to anaerobic glycolysis [20]. Along with energy depletion,
there exists cellular depolarization in which normal calcium
ion balance between intracellular and extracellular compart-
ments is completely violated [20, 23]. This violation results
in accumulation of calcium in the inner compartment of the
cells and eventually leads to premature neuronal death [22,
24].

Even after the restoration of blood flow to the tissues,
the activation of N-methyl-p-aspartate (NMDA) receptors
could lead to increase in body temperature above 37 °C with
further increase in intracellular calcium levels and more neu-
ron deaths [20, 25]. In this case, therapeutic hypothermia
becomes useful because its ability of reducing cerebral meta-
bolic rate becomes temperature-dependent. The protective
capability of therapeutic hypothermia is achieved through
the reduction of the oxygen consumption, glucose utilization
and lactate concentration [20].
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It is worth noticing that an ideal portable cooling device
which has the ability to achieve quick temperature reduc-
tions, has preferential organ cooling capability and could be
implemented on multi-setting clinical platforms is presently
unavailable [20, 26]. This is the reason why hypothermia
methods making use of personalized medicine could become
important for treating emergency cases.

State-of-the-art methods of therapeutic hypothermia are
classified into noninvasive (surface) techniques and invasive
techniques. Noninvasive techniques include hydrogel-coated
cooling pads, immersion in cold water, cooling helmets
(caps), ice packs and cooling blankets. Invasive techniques
include infusion of cold intravenous fluids, intra-ventricu-
lar cerebral hypothermia, extracorporeal circulating cooled
blood, retrograde jugular vein flush, peritoneal lavage with
cold exchanges, nasopharyngeal balloon catheters and nasal,
nasogastric (and rectal) lavage [20]. Noninvasive methods
are mostly used for hypothermia treatment because their
implementation is not difficult but the attainment of desired
body temperature takes a relatively long time (between 2
and 8 h). In additional to this downside, they are unable to
penetrate to deep organs such as the brain and the heart. The
requirement of this method also leads to exaggerated shiver-
ing response [20, 27, 28]. Furthermore, temperature moni-
toring and feedback with surface methods are extremely
difficult. Clinical methods that are able to address this prob-
lem are expensive but desirable. An example of a higher
cost methods is the use of hydrogel-coated pads in which
temperature-controlled water is circulated under negative
pressure, which has been able to achieve an average tem-
perature reduction rate of 1.4 °C per hour, while the target
temperature was achieved in less than 2.5 h [29]. Despite
the improvements made with this higher cost methods, the
time to realize the target temperature is still large enough to
constitute heat loads on the tissues [30]. Although invasive
methods have proved to be significant improvements over
surface methods, they are currently cumbersome, require
extremely clean surroundings and limited to the in-hospital
environment [20]. Research efforts to address these chal-
lenges are currently being tilted towards the development of
non-invasive and invasive methods for selective brain cool-
ing, especially for emergency cases.

Therapeutic hypothermia has been a subject of great
interest for neuroprotection in traumatic brain injury (TBI)
[31] but cooling the injured brain to limit TBI damage has
not been promising for TBI treatment according to clini-
cal trials [20]. Some of these problems could be centred on
faults in the design of clinical trials or in the insufficiency
of a single agent to prevent the array of injury processes
involved in secondary injury [31]. A theranostics therapeutic
hypothermia treatment in which the tissue cooling process
may be mapped in real time could possibly mitigate the
problems that have been highlighted above.

Hyperthermia may be regarded as raising the temperature
of a part of or the whole body above normal levels for a
defined period. The extent of temperature elevation associ-
ated with hyperthermia is about a few degrees above normal
temperature (41-45 °C) [17]. State-of-the-art methods in
hyperthermia can be classified based on tumour location,
tumour depth and tumour staging. They are local hyper-
thermia (useful for superficial, intracavital, intraluminal
and intracranial tumours), regional hyperthermia (useful for
deep seated and locally advanced tumours) and whole body
hyperthermia (useful for disseminated/metastatic diseases)
[32]. Thermal energies are delivered via microwave, radiof-
requency (100 kHz—150 MHz), infrared radiators, resistive
wire implants, ferromagnetic seeds, magnetic nanoparticles,
ultrasound and hot water perfusion [32, 33].

Local hyperthermia is particularly suited to small tumours
(with diameters between 3 cm and 6 cm) and mostly makes
use of microwaves, radio waves or ultrasound for heat deliv-
ery [33, 34]. Side effects are prevented with the use of water
bolus for cooling and maintenance of skin temperature at
about 37 °C. With this technique, interstitial heating is pos-
sible with the use of radiofrequency ablation in which the
temperature of the target tissue is increased to over 50 °C for
more than 4—6 min (more than 512 cumulative equivalent
minutes (CEM) 43 °C) [32, 35].

Regional hyperthermia is suitable for thermal treatment
of large body parts such as the abdominal cavity (especially
organs and limbs). This method is generally employed in
the treatment of advanced tumours such as cervical, blad-
der, prostate, soft tissue sarcomas, colorectal and ovarian
carcinomas. The approaches used in the implementation of
this thermal treatment method are the use of applicators for
deep-seated tumours, thermal perfusion for limbs/organs
and continuous hyperthermic peritoneal perfusion. Exter-
nal applicators, which consist of coherent arrays of dipole
antenna pairs, are sometimes used to treat these tumours.
They emit microwave or radiofrequency energy to specifi-
cally target metastatic parts of the body. These applicators
have the ability of raising the temperature of the targeted
body regions to between 41 and 42 °C but limited by power
deposition (specific absorption rate—SAR) in surrounding
tissues [32, 33]. However, proper planning and treatment
monitoring with this method has been challenging and
recently, magnetic resonance tomography is being explored
for non-invasive recording of tissue temperatures and perfu-
sion in deep regional hyperthermia [36].

Whole-body hyperthermia is well suited to patients with
disseminated tumours such as soft tissue sarcoma, mela-
noma and ovarian cancer. It gives the most homogeneous
thermal distribution while subjecting patients to general
anaesthesia for extreme whole-body hyperthermia (about
42.0 °C for 1 h) or deep sedation for moderate whole-body
hyperthermia (39.5-41.0 °C for 3—4 h) [32]. However, this
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method has been associated with a high risk of complica-
tions such as thermal stress to the heart, liver, lungs or brain.
Other problems such as nausea, vomiting and transient diar-
rhoea have been recorded during whole-body hyperthermia
treatment [33, 37].

Local hyperthermia has demonstrated to be very effec-
tive when combined with chemotherapy or radiation therapy
for cancers such as breast, cervical, prostate, head and neck,
melanoma, soft tissue sarcoma and rectal cancers etc. [38].
Whole body hyperthermia is generally considered a promis-
ing experimental cancer treatment but requires close medical
monitoring of the patient because of associated side effects
[38]. This problem echoes the challenges in thermal therapy,
which is delivering the appropriate amount of heat to the
appropriate part of the patient’s tissues [39—41]. For example,
an effective thermal therapy procedure may require tissue
temperatures to be raised and sustained long enough in order
for cancer cells to be incapacitated or killed. However, if the
temperatures are too high or sustained for times for which
the tissue cells are unable to handle, serious side effects,
including death may occur. Hence, the smaller the size of
the heated tissue region and the shorter the thermal treat-
ment time, the lower the side effects [39-41]. Unfortunately,
tumour treated at extremely low temperatures and for short
periods of time will not achieve therapeutic goals. Therefore,
since all methods of inducing higher temperatures in the body
are countered by the thermoregulatory mechanisms of the
body, it is of utmost importance that new thermal therapy
methods that are sensitive to the human thermoregulatory
mechanisms, will be developed. This is the focus of this study
and we intend addressing the problem by technically merging
magnetic resonance relaxation mechanism with the Bioheat
transfer phenomenon. Fortunately, the proposed solution will
address the safety related challenge in MRI examinations
because traditionally, the transmission of radiofrequency
(RF) excitation pulses gives rise to temperature elevation
in the various tissues and organs of the patient’s body [42].
Therefore, in addition to theranostics features of the proposed
method, we can also achieve body temperature monitoring
and control during magnetic resonance examinations.

Section 2 derives a mathematical method, which utilizes
the principles of magnetic resonance relaxation for the bio-
heat transfer phenomenon. An analytical solution to the
Pennes bio-heat equation is connected to radio frequency
power absorption in tissues. The solution is applied to hyper-
thermia treatment of tumour and therapeutic hypothermia
of the brain. Section 3 clearly illustrates the advantages and
application of Pennes bio-heat equation and nuclear mag-
netic resonance (NMR) relaxation parameters such that it is
possible to perform hyperthermia treatment of tumours and
monitor temperature changes without heating up surround-
ing normal tissues. This section also demonstrates how the
theranostics approach is able to provide real time monitoring
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of tissues during hyperthermia treatment of tumours with
impressive thermal energy deposition control. The perfor-
mance benefits of the proposed system are demonstrated
through simulations. Section 4 discusses the thermal ther-
apy comprising of clinical hyperthermia and therapeutic
hypothermia with focus on addressing those challenges
that limits the clinical application of current hyperthermia
methods combined with conventional treatment modalities
such as ionizing radiation and chemotherapy by technically
merging the principles of magnetic resonance relaxation to
the bio-heat transfer phenomenon. Analytical solutions to
Pennes bio-heat equation connecting to power absorption of
RF in tissue which is dependent on the magnetic resonance
relaxation parameters, are presented. Section 5 gives specific
advantages of the proposed magnetic resonance-based thera-
nostic model suitable for imaging tissue responses during
hyperthermia treatment of tumours and therapeutic hypo-
thermia of brain tissues over current hyperthermia combined
with conventional treatment modalities.

2 Method

Since changes in temperature in various organs and tissues
of the body during a magnetic resonance imaging procedure
are hitherto difficult to measure in clinical routine [42], radi-
ofrequency (RF) exposure of patients is usually characterized
by means of the specific absorption rate (SAR). Meanwhile,
the temperature rise in localized tissue regions is not only
dependent on the localized SAR and the duration of the MR
sequence applied, but also on thermal conductivity and micro
vascular blood flow leading to thermal equilibrium within
the body [42]. For assessing micro vascular heat transfer in
biological tissues, different continuum models have been
proposed in the form of a modified heat diffusion equa-
tion in which the effects of micro vascular blood flow were
properly considered. However, continuum approaches often
neglects the local effects of “thermally significant” blood ves-
sels entering the heated region. Hence, heat transfer analysis
often requires simultaneous consideration of transient and
spatial heating inside biological systems [43]. The Pennes
bio-heat transfer equation, which describes the exchange of
heat between tissue and blood [42, 43], is widely used to
monitor the temperature distribution in various tissues for
thermal therapy [43—48]. This distribution can be defined
mathematically based on the Pennes’s bio-heat equation in
the presence of a source of RF heating as follows [15, 42]:

oT
pc; = V(kVT) + pSAR — Wyp,c,(T = T) D

where p is tissue density, p, is density of blood, ¢ is specific
heat of tissue, T'is tissue temperature, ¢ is exposure time, W,
is volumetric perfusion rate, ¢ is specific heat of blood, T}
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is supplying arterial blood temperature, k is thermal con-
ductivity of tissue and SAR is local specific absorption rate.

Considering the transient problem involving the bio-
heat equation within a small voxel of human tissue, a one-
dimensional problem in which the parameter x is the depth
in tissue from a reference point on the tissue surface could
be written from Eq. (1) as follows:

2
pca—T = ka—T + pSAR — Wyppe, (T = T}) 2)
ot ox?
In order to solve Eq. (1), SAR is defined as:
SAR = Worpcr Qo _ B, Q0 3)
p p

where Q, is a constant (which has the unit of temperature).
Equation (2) may then be written as [26]:

aT 0T

— =k——0,0
peSr =kos =B, @)
where
0=T-T,-0Q ®)
Equation (4) then becomes:

a0 0%0

— =k— - p,0
per =kZs — B ©)

By the method of separation of variables, we can write [49]:

O(x, 1) = X(x)€2(r) (7

where X(x) is the spatially dependent variable while Q(t)

is the time dependent variable. Equation (6) then becomes:
dQ a’x

pcX — =k

o e BpX<2 (¥

If we multiply both sides of Eq. (8) by @, we obtain:

2
_1dX )

pcd2 by _ 14X
kX de

kQ dr
By the principle of separation of variables, Eq. (9) must be
equal to a constant [49] —A%(— A2is a fundamental constant of
separation of variables. X(x) and Q(t) are used for standard
evaluation of Bessel integral equation) and gives the follow-
ing equations:

d.Q k ﬂb 2

— = +4)2

dt pc< k > (10)
d*X 2

— =-1X 11
2 an

The solutions to Egs. (10) and (11) are:

Q) = Age(HH7) (12)
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X(x) = P, cos Ax + P, sin Ax (13)
According to Egs. (7), (12) and (13) we write:
—a( .
0,1 = e UE ) A, cos ax + A, sin Ax) (14)

where @ = ﬁis the thermal diffusivity and A| = AjP, A, =

AyP,.

We shall make use of initial boundary conditions that are
realistic in bio-heat transfer for human tissues. If at the point
x =0, the contribution to the measured temperature is only
from the arterial blood flow, we write:

T D)o =T, + Qo (15)
Hence, from Eq. (15),

O(x, )|, =0 (16)
Similarly, if at t = 0, the contributions to the measured tem-
perature are captured by the equation:

T, Dl mg =f() + T, + Oy 17)
where f(x) is a spatially dependent temperature just before
the application of RF field. Equation (17) implies that

0(x, )]1=9 = f(x) (18)
Using the condition in Eq. (16), A; =0, Eq. (14) becomes:

By
0(x, 1) = Aze“”(TbW)’ sin Ax (19)

It is possible to replace the constant P, by a function P,(4)
and still have a solution [49-52]. Furthermore, we can inte-
grate this function over A from O to oo. This is similar to
the superposition theorem for discrete values of A used in
connection with Fourier series. Consequently, a possible
solution to Eq. (6) is:

0(x. 1) = / A 0e ) Gin axda 20)

0

From Egs. (18) and (20), we obtain:

(s8]

fx) = / A,(4) sinh AxdA 1)

0

The representation in Eq. (21) implies that f(x) must be an
odd function [49] and hence,

Ay(2) = % / f(u) sin Audu 22)
0

If we use this expression in Eq. (20), we write:
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OCx, 1) = — //f(u)

The results in Eq. (23) could be written as:

sin Ausin Axd Adu 23)

Equations (5), (7) and (30) give,

Tx,t)=T,+Qy+T,e * 31
X b o e erf<2\/_> 3D

SAR _aby
0(x,1) = / / fawe™ [cos Aw—x)—cos Au+0)dAddu T, 0) =T, + ul; + T,e Clerf| = (32)
0PbCh 24/ at
(24)
1 +/l —a(ﬂ—”+,12>z
0x,n)=— [ fv) e " cos Au—x)dA— [ e ‘& cos A(u + x)dA pdv (25)
T
0 0 0
ocer) = L / Fe T / e~ cos Au — x)dA — / €~ cos Au + x)dA bdv (26)
T
0 0 0

However, the integrals in Eq. (25) could be resolved into
[49]:

—ai? 1 _ﬁ
/e cosbAdA =§ ;e 4a 27
0

Therefore, Eq. (26) becomes:

IA+/\' 2
g(x t) = ——,t /f(u)e 4(11 du— /f(u)e 4,,,) du
2¢/mat
(28)
. (u—x) _ _ - . (u+x) — _
Setting W € in the first integral and o = €in the sec

ond integral; du = 2\/&415, then Eq. (28) becomes:

(o)

T

In order to introduce the diagnostic part of the model, it is
important to note that the RF power absorbed per unit vol-
ume by the spins of the tissues being investigated (including
tumour) is given as [53]:

P, a)yB% T,

1% 1+ (Aw)*T; + y?BiT\ T,

M, (33)

where o is irradiation frequency of the RF field, o,=YB is
Larmor frequency corresponding to the static field, o, =B,
is frequency of RF-induced rotation, Aw = w — w,, 7 is
gyromagnetic ratio, T, is transverse relaxation time, T, is
longitudinal relaxation and M is equilibrium magnetiza-
tion [53-57].

Specific absorption rate (SAR) is a measure of the rate at

0(x, 1) = L\/_e_%t / e‘fzf(25\/a_t + x)de — /f(Ze\/E - x)e‘“‘zde (29)

g x
2v/ar 2v/at

The temperature f(x) would be taken to be the tissue meta-
bolic heat contribution to the measured temperature. If we
assume a constant initial temperature such that f{x)=T,,, we

obtain
Fol)

(30)

e T
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which energy is absorbed by the human body when exposed
to RF electromagnetic field [54, 55]. It is defined as the
power absorbed per mass of tissue and expressed as follows
[55]:

P, P,
SAR= 2 =2

m oV (34)

where m is the mass of the tissue, V the tissue volume and
p the tissue density. From Eqgs. (33) and (34), we obtained:
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wyBIT,M,

pSAR = —
1+ (w— a)())2T22 + 7/ZB%Tl T, (35)

Finally, from Eq. (32), we have:

T(x 1) =T, wrBiTy il
x, 1) =T, —
’ Worpey | 1+ (0 — w0)*T; + y?*BiT, T,

_ b, X
+T,e & erf
<2\/at> (36)

It should be noted that the solution obtained in Eq. (36) is
not rigid but strictly dependent on the prevailing NMR con-
dition based on the following conditions [56, 57]:

(i) Adiabatic condition holds when yzBfT1 T, >> 1,
a)yB%Tz M,
Wopucy ) 1+ (@0 — 0)*T; + y*BiT T,

s, 37
Tme_%’erf< ad > ©7)
24/at

(i1) Non-adiabatic condition holds when ;/2B%T1 T, << 1
(this is typically regarded as a linearity condition in
which the frequency response takes on the character-
istic Lorentzian form [58])

wyB2T. M a
T, =T, - i 0 + Tme_%’erf 2l
Worsey ) 1+ (@ = @p)*T5 2\/at

(3%
(iii) Saturation condition holds when }/ZB% T,=1,

wyB?T. M, ah
T(,)=T, - 12 0 N
WorsCy ) 2+ (@ — @y’ T; 2y at

T(x,1) =T, — <

(39
0w*T, M by
T, =T, — 1 0 T ¢~ 7! X
()C t) b <YWOphcb>2+(w_a)O)2T22 + m€ Erf<2 at)
(40)

In the presence of magnetic field gradient, we may write
[59-61]:

o, =yB, =yGéx 41)

o —w, =yGéx
where ¢ is a dimensionless controlled parameter. For a sys-
tem that presents non-adiabatic behaviour, we have:

&M,

3 Analysis of Results

In this section, the mathematical results presented in Eq. (42)
will be demonstrated in controlled thermal therapy. We will
consider their theranostic applications in hyperthermia treat-
ment (for tumour treatment) and therapeutic hypothermia
(for neuroprotection treatment of the brain).

3.1 Theranostics of Tumours

Normal physiological temperature of human body is about
37.0 °C. Hyperthermia in which the temperature is between
42.0 and 46.0 °C has been shown to alter the function of
many structural and enzymatic proteins within cells, which
leads to necrosis [62]. In addition to necrotic cell death,
hyperthermia may lead to decreases in cell growth and dif-
ferentiation, and can also induce apoptosis and therefore,
provide a treatment for tumour growth. In order to achieve
controlled hyperthermia of tumours, we have proposed a
theranostic method that provides thermal treatment of
tumours in the presence of magnetic resonance tissue con-
trast. Tissue temperature as presented in Eq. (42) is used for
tissue theranostics such that the second term on the right
hand side of this equation provides both RF controlled ther-
mal energy deposition as well as intra-tissue and inter-tissue
MR contrasts. In addition, this expression provides a means
of monitoring tissue temperature while assessing tissue state
via T, and T, values in real time. We have calculated the
temperature (presented in Table 1) based on Eq. (42) for
several normal tissues and tumour assessed at magnetic field
(By) of 1.5 T. The parameters used for these calculations are
G=0.02Tm™! [63], y=42666666.67 s~'T~! [60],
T,=37.0 °C [42], T,,=1.5 °C, My= — 500Am™}, £=1,
t=3 ps, x=5 mm, ¢, =3720Jkg "' K" [42], p, = 1060kgm
[42]. It is noteworthy that we have set T;, = Til + TL The

2
values of T, and T, used for the calculations were taken from
[54].

The calculations were done by assuming that the non-
adiabatic NMR condition holds within the system.

Thermal maps of normal and abnormal tissues after the
application of RF energy was demonstrated by making
three-dimensional plots of the tissue temperature distribu-
tion (using Sigma Plot 12—Systat Software, Inc) with ref-
erence to some selected parameters in Table 1. These plots
or thermal maps have been presented in Figs. 1, 2 and 3.
The maps were developed with consideration to different
relaxation and thermal parameters according to the disease

r?G*:xX(By + GEXT, )

T(x,t):Tb—( Wope
0PbCh

_ %, X
T k
T+ 0GR + TG Gee T (z\/a ) “2)
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Table 1 Calculation of tissue temperature from thermal properties and NMR relaxation parameters at 1.5T [42, 54, 59]

Tissue p(kgm™) k(Wm K™Y ¢ kg 'K W,kgm3sTH) a@miT)  Ts) To(s) Tos™H  T(C)  SAR (Wm™)
Skeletal muscle 1050 0.50 3465 0.0009 1.37x 1077 1.030 0.060 17.63754 38.6939 0.655351
Kidney 1050 0.54 3700 0.061 1.39%x 1077 0.830 0.082 13.39994 38.50342 0.783260
Liver 1060 0.52 3600 0.015 136 x 1077 0.610 0.057 19.18320 38.51901 1.060860
Adipose tissue 950 0.27 3100 0.0005 9.17 x 107% 0.250 0.080 16.50000 39.65281 2.392499
Cortical bone 1920 0.79 1300 0.0013 3.17x 1077 0.400 0.060 19.16667 38.81808 0.849240
Tumour 920 0.42 3000 0.000009 1.52%x 1077 0926 0.120 9.413247 58.70538 0.779418

state of tissues. Table 1 and Figs. 1, 2 and 3 evaluate the tis-
sue temperature at specific values of time of exposure and
location (x). This implies that it is not possible to assess the
temperature over varying time or location.

The use of Eq. (42) for thermal treatment and monitor-
ing of abnormal tissues through MR contrasts may not be
possible with the analyses presented above since the assess-
ment of the tissue voxel is important and monitoring the
effectiveness of delivered amount of thermal energy requires
the variation of both time and space. In order to effectively
address this challenge, we have developed a Wolfram Math-
ematica computer program for the assessment of the tis-
sue thermal responses at varying voxel sizes and exposure
times while making provisions for flexibility of changing
any other important parameters for specific analyses. The
thermal profiles obtained from this computer program are
presented in Figs. 4, 5, 6, 7, 8 and 9. In these profiles, vary-
ing tissue dimensions (this is to take care of the suitability
of the model for different sizes of proliferating tissues) and

16 —]

/ )
1 \ /
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To(s’ I)
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RF gradient fields (in order to investigate response of tissues
to RF energy) were considered.

3.2 Therapeutic Hypothermia for Neuroprotection
Treatment

It is known that therapeutic temperature regulation has
become an interesting research field [64]. Mild-to-moderate
hypothermia is a safe and feasible management modality for
neuroprotection and control of intracranial pressure in neu-
rological problems such as traumatic brain injury, subarach-
noid and intracerebral hemorrhage and large hemispheric
stroke. The efficacy of mild-to-moderate hypothermia has
been demonstrated for neuroprotection after cardiac arrest
with ventricular fibrillation as initial rhythm and after neona-
tal asphyxia [64]. Obviously, hypothermia has a bright future
for cerebrovascular disease treatment if brain cooling can be
delivered in a manner that does not compromise the patient
or the neurosurgical and intensive care settings. Local brain
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Fig. 1 Contour plots of the computed temperature as a function of relaxation rate, T, and SAR
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Fig.3 Contour plots of the computed temperature as a function of relaxation rate, T, and thermal conductivity, k

cooling may be just that new treatment approach [65]. In
this section, we present a tissue-specific hypothermia model
based on the Pennes bio-heat equation. Fortunately, we do
not have to seek new solutions to the bio-heat equation in
order to address this problem. All that is needed to achieve
hypothermia is to modify the behaviour of the parameter

& such that the applied RF field is now complex [66]. In
this case, for a Biothermal system showing non-adiabatic
behaviour, we shall re-define the radio frequency as given
in Eq. (41) as follows:

w, =yB, = iyGéx (43)
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Fig.4 Contour plots of the derived temperature as a function of the sampling point x and gradient pulse magnitude G for skeletal muscle at 1.5T

Hence, Eq. (42) becomes:

&M,

22,2
=T+ (y G By + |G:x|>T2>

Woppey

5 + Tme_%’erf al
1 = (yG&x?*T; — T, Ty(y Géx)? 2+/at

(44)

In order to obtain real values of tissue temperature, we have

set the resultant magnetic field (in the rotating frame of ref-
erence) as:

o =By + |B,| = By + |G&x| (45)

Using Eqgs. (43)—(45), we developed a Wolfram Math-
ematica computer program for creating thermal maps of con-
trolled neuroprotection treatment of the human brain. To
achieve this, we considered the treatment of the grey brain
matter to be uniquely different from that of the white brain
matter. The idea is that if the small biomolecular differences
in these brain tissues show conspicuous differences on ther-
mal maps, this method could prove to be good in treating

@ Springer

delicate tissues like those of the brain. For the developed
computer program, we assumed that the thermal features
of the grey and white brain matter are not significantly dif-
ferent from those of the whole brain; hence, we used [54]
p=1040kgm=>, ¢ =3640Jkg~'K~!, k=0.54 Wm~'K"!,
W,=0.0073 kgm~3s~!. Other parameters used in computer
program implementation are y=42666666.67 s~'T~! [63],
T,=37.0°C, T,,=1.5 °C, My=— 500000Am™!, £ =31.6228,
¢, =3720Jkg 'K~!, t=3 ps and p,=1060kgm=>. The
profiles obtained for the brain white matter (T;=0.78 s,
T,=0.09 s [67]) are presented in Fig. 10 while the pro-
files for controlled neuroprotection of brain white matter
(T;=0.92s5, T,=0.10 s [67]) are presented in Fig. 11.
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Fig.5 Contour plots of the derived temperature as a function of the sampling point x and gradient pulse magnitude G for kidney at 1.5T

4 Discussions

We have shown, using the Pennes Bioheat equation and
NMR relaxation parameters that it is possible to perform
hyperthermia treatment of tumours and monitor tempera-
ture changes without the usual concern for safety of normal
tissues. At the same time, it has been demonstrated that by
modifying the nature of the applied RF field, significant
temperature reduction could be induced in order to conduct
hypothermia treatment. Appropriate values of SAR have
been shown to induce a considerably high thermal response
in tumours and very low thermal response towards neuropro-
tection treatment. It is observed with keen interest that time
does not significantly influence the values of the tempera-
ture but x does between few millimetres to few micrometre
ranges. Consequently, we presented thermal profiles when
the sampled regions are within clinical limits.

The thermal profiles in Figs. 1, 2 and 3 were simulated
from the computed temperatures in Table 1. The profiles
showed the variation of temperature with SAR, volumetric
perfusion, thermal conductivity and carefully selected NMR
relaxation rates. These rates are unique to different tissues
and hence, the ability to be able to represent the relaxation
behaviour of different tissues on a thermal profile. This gives
us the impressive opportunity to selectively heat tissues
with diseases while at the same time monitoring the ther-
mal responses of surrounding normal tissues. The encircled
regions on the profiles showed thermal signatures of tumour
while the responses of other surrounding tissues were dem-
onstrated as well. This shows that the theranostics approach
presented in this study is able to provide real time monitoring
of tissues during hyperthermia treatment of tumours so that
the surrounding tissues are not overheated in the process.

Figures 4, 5, 6, 7, 8 and 9 were obtained from the Math-
ematica computer code developed based on Eq. (42) and
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Fig.6 Contour plots of the derived temperature as a function of the sampling point x and gradient pulse magnitude G for liver at 1.5T

demonstrated the variations of temperature with spatial
ranges and gradient field magnitude. The essence of doing
this is to find out the amount of gradient field required to
achieve hyperthermia in malignant tissues. Fortunately, it is
observed that similar amount of gradient field which does
not significantly raise the temperatures of different normal
tissues (highlighted in Table 1 and shown in Figs. 4, 5, 6, 7
and 8) is able to significantly raise the tumour temperature
to hyperthermic limits. We noticed that the unique volu-
metric perfusion and NMR relaxation times are responsible
for this. On a general note, these profiles showed that even
with not so significant spatial variations (few micrometers),
the thermal contrast is significant and unique for different
tissues. Therefore, it has been clearly demonstrated in this
study that thermal treatment can be done with the use of
NMR properties of tissues for imaging without any fear of
RF safety issues. It is noteworthy that the flexibility of the
values of the parameter & offers quite a lot of interesting
possibilities. This is particularly important in regulating the
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effects of extremely high or low values of the volumetric
perfusion. This could also have a relationship to the nature
of RF coils used in the theranostics system.

In Figs. 10 and 11, the initial computer code is slightly
modified to take into consideration Egs. (43), (44) and (45)
for mapping the thermal responses of both brain white mat-
ter and grey matter. This is very important for real time
monitoring of hypothermia treatment of problems such as
traumatic brain injury, intracerebral hemorrhage and stroke.
With these results, we can see the possibility of lowering the
temperature in specific areas of the brain to avoid loss of
neurons and at the same time monitoring thermal responses
of the surrounding tissues so that they are not affected in
case the neurons are required for recovery. It is quite interest-
ing to note that despite using the thermal properties of the
human brain, the profiles demonstrated that unique NMR
relaxation times are able to show impressive contrasts and
thermal responses for both white matter and grey matter.
The grey matter showed higher thermal responses and the
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Fig. 7 Contour plots of the derived temperature as a function of the sampling point x and gradient pulse magnitude G for adipose tissue at 1.5T

responses are most significant in the micrometre range. This
implies that in order to induce a fast hypothermia response,
the region of interest or image voxel should be very small
(few microns). Finally, it is worth noticing that the profiles
of Figs. 10 and 11 demonstrate the possibility of using the
results of this study to detect brain diseases and this could be
done during hypothermic treatment as well. This is because
diseases significantly influence NMR relaxation times and
hence, every small variation in the relaxation times (T, and
T,) of brain tissues (which often results in progressive devel-
opment of diseases) will be imposed on the profiles with
unique patterns and thermal responses.

The theranostics method developed in this study is con-
sistent with state-of-the-art in hyperthermia of tumours
because their location (x) can now be mapped accordingly
(distribution of the relaxation times T, and T,). This is
important not only to the tumour location but also (indi-
rectly) to the size of the tumour as demonstrated in Table 1
and Figs. 4,5, 6,7, 8,9, 10 and 11 where measurements

of about 5 mm were used. A tumour found in between the
reference location and 5 mm is probably much smaller and
at early stages of metastasis. The method is able to show
sensitive tumour thermal maps at different locations as dem-
onstrated in Fig. 9. Specifically, this method could be used
for the assessment of thermal responses at specific tumour
depth by choosing the appropriate direction for applying
the RF excitation pulse. Considering the symmetry of the
human body, the location of tumour from the surface of the
body is essentially its depth. Since cancerous cells tend to
demonstrate thermal responses that are higher than those
of normal tissues, this method is uniquely suited to tumour
staging because thermal images presented are responsive
to magnetic resonance relaxation times. It is interesting to
note that tumour formation, progression and spread have
direct influence on NMR relaxation time [68—70] and hence,
tumour staging could be imaged with more ease as presented
in this investigation.
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Fig.8 Contour plots of the derived temperature as a function of the sampling point x and gradient pulse magnitude G for cortical bone at 1.5T

In comparison with other state-of-the-art methods, we
have presented a radiofrequency ablation method, which
uses a relatively lower frequency (64 MHz) to specifically
target only the tumour while keeping the temperature of
surrounding normal tissues relatively normal and gives
feedback on tissue state via the T, and T, relaxation times.
These features have been demonstrated clearly with the data
presented in Table 1. Unlike other methods, which require
other clinical techniques to observe tissue response after
treatment, our theranostic method could simultaneously treat
tumours with thermal deposition while monitoring the tissue
response through NMR relaxation times and thermal con-
ductivity (which changes according to tissue state [42, 43,
71, 72]). This feature could be used for local hyperthermia
in order to treat superficial, intracavital, intraluminal and
intracranial tumours with sizes even smaller than 3 cm. As
shown in Fig. 9, the study is able to image tumours whose
diameter is as small as 6 pm without the usual fear of side
effects of thermal energy deposition in surrounding tissues
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(as demonstrated in Figs. 4-8), especially when there is
an increase in skin temperature. We have also been able to
achieve a drastic drop in the length of time for thermal depo-
sition from several minutes to few microseconds (3 ps). This
is consistent with the time for heat diffusion in tissues and
laser pulse duration during experimental hyperthermia [73].

The problem of limiting target body temperatures when
depositing power (SAR) in surrounding tissues have been
effectively solved in this study because the model is tis-
sue selective and SAR is now put to a positive use in the
models. The control parameters employed and the analyti-
cal approach provided the opportunity for better treatment
planning towards improved deep regional hyperthermia. For
example, as shown in Figs. 1, 2 and 3, the model presented
has the capability of computing the tissue target temperature
for SAR values and relaxation rates (1/T, and 1/T,) which
are not usually allowed because of the limitations placed on
hyperthermia machines (with NMR features). This is very
important in treatment planning since every possible thermal
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Fig.9 Contour plots of the derived temperature as a function of the sampling point x and gradient pulse magnitude G for tumor at 1.5T

responses of the target and surrounding tissues could be
simulated and envisaged before the actual therapy begins.

The principles of hyperthermia treatment presented in
this work are quite straightforward and could translate into
the development of portable devices to ensure a homogene-
ous thermal distribution for whole-body hyperthermia. Since
the time to ensure target temperature is drastically reduced
in this study, there may be no need for use of sedation and
anaesthesia on patients. This feature could also prove to pro-
vide a solution to the problem of thermal stress to the heart,
liver, lungs or brain.

One of the current challenges of hyperthermia treatment
planning, software implementation and integration into the
clinical workflow is the uncertainty in dielectric and ther-
mal tissue properties [74], which has constituted hindrance
to the simulation accuracy of pre-treatment planning. The
analytical approach used in this study does not require the
reconstruction of the unknown electric field distribution
in the patient and has been able to show the correlation

between SAR and tissue temperature. This study has the
ability to solve the problem of positioning deviations and
allows improvements of mapping treatment planning to ther-
mal dose measurements since we no longer needs a sepa-
rate system for MRI guidance; our method has incorporated
MR guidance into the bio-thermal system. The computer
program developed to demonstrate this method is analyti-
cal, easy to use and does not require rigorous mathemati-
cal skills. The computer program has shown potential in
improving target temperature predictions for normal tissues
and tumours. This can also prove to be important for bi-
modality treatment planning since the analytical approach
employed could easily be adapted to Eq. (1) to accommodate
more source terms (a term including radiotherapy contribu-
tion could be included here). As we have pointed out earlier,
this could lead to patient-specific treatment plan with better
tumour control and minimum risk to surrounding normal
tissues.
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Fig. 10 Contour plots of the derived temperature as a function of the sampling point x and gradient pulse magnitude G for brain white matter at

1.5T

In comparison to most state-of-the-art methods of thera-
peutic hypothermia, our method has been able to achieve a
drastic reduction in the time required to attain the desired
tissue temperature from hours and minutes to microseconds
(a time of 3 ps has been used in the hypothermia profiles
provided in Figs. 10 and 11). This would be helpful in the
significant reduction of heat loads on tissues. Secondly, this
study uses radiofrequency pulses which rely on tissue spin
magnetic resonance and hence, able to penetrate into deep
organs. In addition to this, the RF penetration is selective as
shown in Figs. 10 and 11 in which thermal profiles of white
brain matter and gray brain matter have been provided. We
have been able to provide hypothermia treatment to deep
organs and do so selectively to components of these organs.

This technique is able to achieve an impressive tempera-
ture monitoring and feedback with the incorporation of
NMR relaxation times and control parameters such that ther-
mal response monitoring problems associated with current
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state-of-the-art methods are resolved. This is cheaper to
implement for clinical applications. The technique is less
cumbersome, not limited to the in-hospital environment and
does not have stringent surroundings clean requirements.
This is due to its portability and non-invasiveness and
could open immense opportunities for use during clinical
emergencies.

With the control parameters used in Eqgs. (30) and (41),
this method could lead to the achievement of optimized
cooling within a very short period (microseconds), espe-
cially for clinical intra-ischemia cooling. Focal cooling
has been reported to have important implications for
pathologies of stroke and myocardial infarction [30]. The
selectivity as observed in Figs. 10 and 11 allows improved
focal cooling in such a way that the temperature of blood
flowing to the local tissue environment is not significantly
reduced.
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Fig. 11 Contour plots of the derived temperature as a function of the sampling point x and gradient pulse magnitude G for brain grey matter at

1.5T

As stated in the case of hyperthermia of tumours, our
method of therapeutic hypothermia appears to have resolved
the challenge of temperature monitoring which has placed
limitations on the current clinical applications of state-of-
the-art methods in therapeutic hypothermia. This has been
achieved with the exploration of the unique tissue pathology
usually embedded in T, and T, relaxation times. In fact, the
grey brain matter thermal response given in Fig. 11 could
help in better monitoring of hippocampal neuron tempera-
ture and thermal response of ventricular muscle. The selec-
tive thermal deposition feature of our method could prove
to be an interesting addition to this monitoring such that
the temperatures of ischemic volume centroid can easily
be compared during reperfusion as well as rewarming. The
diagnostic ability of our method could prove to be helpful
in the determination of severity of injury during and after
treatment. T and T, could help indicate the commencement
of ischemia and the nature of the injury. The relaxation times

also contain molecular information and hence, they could
help in the use of this technique for monitoring cellular
events that are affected during ischemia and assessment of
protection mechanisms after reperfusion. Finally, it is impor-
tant to note that this study has opened a window into the
future and needs to be explored further for the treatment of
patients suffering from cardiac arrest and a few other clinical
syndromes that feature ischemic injury. This is also true for
patients who are suffering from various types of tumours.

5 Conclusion

We have derived a method that utilizes the principles of
magnetic resonance relaxation for the bio-heat transfer
phenomenon. An analytical solution to the Pennes bio-heat
equation is connected to radiofrequency power absorption
in tissues. The solution has been applied to hyperthermia
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treatment of tumours and therapeutic hypothermia of the
brain. Fortunately, during hyperthermia treatment, the meas-
urement of the actual temperature distribution in the tumour
or immediately adjacent tissue is important for the clinical
evaluation of the quality of treatment [41], a criterion that
is already met in this study.

Several analytical solutions have been provided to Pennes
bio-heat equation in which the RF power absorption in the
tissues is dependent on the magnetic resonance relaxation
parameters. The performance benefits of the new technique
are demonstrated through simulations suitable to perform
hyperthermia treatment of tumours and monitoring malig-
nant tissue temperature changes without the usual concern
for safety of normal tissues. The new theranostics approach
can provide real time monitoring of tissues during hyper-
thermia treatment of tumours so that the surrounding tissues
are not overheated in the process.

The model is controlled by relaxation times of tissues and
Biothermal features of the tissues. Laboratory realization
of this model is not quite difficult because hypothermic and
hyperthermic abilities of the model may be combined in a
single theranostics modality since the nature of the RF field
is responsible for whichever treatment is chosen. Therefore,
the design of extremely flexible RF coils is necessary for
achieving the gains of this study. Meanwhile, the simula-
tions carried out were done at static magnetic field of 1.5T.
It may be informative if the results are checked for higher
B, fields since RF gradients have different behaviour at
these magnetic B, fields. This will be the focus of our next
investigation. The advantages of this study over the current
clinical application of hyperthermia combined with conven-
tional treatment modalities (for example, ionizing radiation,
chemotherapy etc.) [75-88] in the treatment of malignant
diseases are outlined as follows:

(i) Theranostics approach based on NMR/MRI relaxa-
tion parameters is able to provide non invasive real
time monitoring of tissues during hyperthermia treat-
ment of tumours such that thermal energy does not
induce overheating of normal tissue.

(i) For damaged brain tissues, it is possible to lower the
temperature in specific areas of the brain to avoid
loss of neurons and at the same time monitoring ther-
mal responses of the surrounding tissues so that they
are not affected in case the neurons are required for
recovery.

@iii)) Unique NMR relaxation times are able to show
impressive contrasts and thermal responses for both
white matter and grey matter. This is applicable to
other tissues and could be extended to cases where
normal and abnormal brain white matter need to be

@ Springer

monitored in some neurological diseases such as
multiple sclerosis.

(iv) Brain diseases can be detected during hypothermic
treatment. This is particularly useful in monitoring of
different forms of brain metastasis and the respective
disease outcome.

(v) The proposed model can be useful as a control of
cancer hyperthermia treatment as well as to control
therapeutic hyperthermia through appropriate tuning
of RF excitation coils.

(vi) Two controlled parameters were developed to
improve the outcome of the new model: & as RF
dimensionless controlled parameter and f{x)=T,,, the
constant initial temperature for controlled localized
hyperthermia.

It is motivating to note that many parameters of MRI such
as the proton density [66, 67], spin—lattice relaxation time
(T)) [75, 76], spin—spin relaxation time (T,) [77], diffusion
coefficient [78, 79], magnetization transfer [80, 81], and pro-
ton resonant frequency [75-81], are temperature-dependent
and have the potential to be used as temperature indicators.
Proton RF as defined in Egs. (41)—(43) has proved to be
superior to other MRI parameters for temperature monitor-
ing of thermal therapies especially because it shows a simple
linear correlation with temperature within a relatively large
temperature range [83] covering the temperature range of
interest for both low-temperature hyperthermia and high-
temperature thermal ablation. The computational analysis
of Egs. (41)—(43) and the simulations in Figs. 1, 2, 3, 4, 5,
6, 7 and 8 which give the maximum transient temperature
rise in normal tissue as 2 °C (the limit recommended by
IEC standard for an MR examination of the torso) makes
the new MR thermometry method applicable to moving
organs with non-negligible fat content which has been a
very challenging goal in international hyperthermia com-
munity. Comparably, the same RF energy used for normal
tissue produced high temperature levels (11 °C increase) in
cancer tissue for hyperthermia therapy subject to T, and &
controlled parameters. This may play an increasingly impor-
tant therapeutic and palliative role as a minimally invasive
alternative to surgery.
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