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ABSTRACT

The main objective of this research was to comprtatly investigate the effects of cooling via aran forearm
on the tissue temperature for possible developrimentedical treatment of Multiple Sclerosis. A coetgl structure of a
human forearm was modelled with CAD software andlys®ed using CFD to determine the temperatureiltiigion
through the forearm. Different cooling strategiesrevapplied to human forearm including cooling ¢hére skin surface,
cooling half the skin surface and use of Peltieslers. The CFD results showed that cooling halfgkia surface from
bones side would be insignificant as the medianen&emperature was not considerably reduced byirgpoCooling the
entire skin surface, on the other hand, would tesullower median nerve temperature compared t@rottooling
scenarios. However, this might be worse for sommpleewith MS symptoms. Proper selection of bestlingostrategy

would be based on people with MS symptoms expegienc
KEYWORDS: Forearm Cooling, Multiple Sclerosis, Bio-Heat

INTRODUCTION

Multiple Sclerosis (MS) is a disease caused byattack of the immune response on the central nersgstem of
a person. It was first identified in 1868 by Jeaartih Charcot [1]. The term multiple sclerosis canfim sclerosis that
means scarring and from multiple that relates tessdf scarring [2]. In the central nervous systtrare are neurons that
are full of axons which consequently are bounded lspbstance known as myelin. The function of myiito deliver
messages from the brain to other parts of the beayhat the human body responses and when damagespMS takes
place. This disease can occur at any age; howigwveajinly occurs in young adults between the age0ofo 40 and mostly

in females.

Many individuals diagnosed with MS experience a perary deterioration of symptoms when the heat or
temperature in the body increases due to the suiling conditions or physical activities. Symptoros this disease such
as fatigue, pain, tremor, muscle spasms, numbégisulty in moving, and visual problems are commho worsened
when the core body temperature increases [3]. Ratély, MS is not fatal and the lifespan of the gleavith MS can be
the same as a healthy person but it is a permaoedition. However, there is no known treatment\t8 but a number of
methods have proven effective in improving the aége One of the beneficial methods is to extraat frem the entire

body in order to reduce the overall tremor ampbtatid frequency [4].

There is heat intolerance in MS that causes th&mato experience a symptom exacerbation due & he
exposure. Consequently, the ability of nerves tfion decreases and heat slows down the nervelsmpansmission.

The patient may recover from these symptoms wherbddy temperature goes back to the average tetaperahe heat
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intolerance can be severe as deaths were repartedgathe MS patients who were sunbathing or retaxirhot tubs and
this is probably due to the loss of ability to gelt of heat from the body. However, patients whe heat sensitive and
develop symptoms quicker are also more respongiveobling down and their symptoms will disappeaickiy.
Extraction of heat from the body would therefordpheeduce the heat intolerance through a combinatifodecreased
nerve conduction velocity, varied muscle proper@es! reduction of muscle spindle activity [5], thasproving the
physical performance of the MS patients. By cootimg body, many people with MS experience reliefrfrthe unwanted
symptoms.

A forearm is chosen to be the most appropriate effettive way for the heat extraction as it woulst affect
patient’s daily activities when the cooling deviseused [5]. The method of Cooling via ForearmIfdention Tremor in
Multiple Sclerosis has been investigated in a nundbgublications. Feys et al. [4] investigated #féects of peripheral
cooling on MS intention tremor symptoms. In suc$tiady, a number of patients diagnosed with MS vgetected to run
the test and the mean age of these patients wéas yéérs, ranging from 18 to 63 years old. Theséeptst were
experimented with different temperature in a camstiauration of time and then tests, such as fingeping and wrist step
tracking, were carried out before and after thelinggrocess so as to observe the difference imatvieemor amplitude
and frequency. The study has shown a significaghiagon in tremor amplitude after the cooling pre&eHowever, the
main factors that caused the reduction were eptireknown. Grahn et al. [5] believed that extragtiveat from a human
body through the palmar surfaces of a hand wouldffeetive on reducing heat in the body of indiatkidiagnosed with
MS. In this experiment, a chamber with an eladgew was used for the heat extraction processidsrting one hand
into it. Then, pressure and temperature were se#fbmm Hg sub atmospheric pressure and maintahéd® to 22°C,
respectively. The results suggested that extradigwt from non-hairy skin surfaces could allow wundiials diagnosed

with MS to lengthen the duration of physical ad¢ies.

In the literature, an effort was made to modeltdraperature of human body [Huizenga et al. [6]dliin and
Ozerdem [7], Miyanaga et al. [8], Wan and Fan [Bhjh et al. [10], Yang et al. [11], Rida et al. [Ll2Among them,
Huizenga et al. [6] developed a model based onStwudwjik model of human thermal regulation. Therera four
separated body layers for each body segment whéctha core, muscle, fat and skin tissues in amdi a clothing layer.
Factors such as metabolic heat production, sweatimgpdilatation and vasoconstriction were considen the model.
Heat transfer such as conduction, convection agidtian were treated independently due to othetaalss, since car seat
and other external surfaces were also considered.atlvantage of such model was the capability efliping human

physiological response to both non-uniform anddiemt thermal environments.

The main objective of this research was to investighe effects of cooling via a human forearm omaéin body
tissues temperature. A complete model of a humaafm was developed with Computer Aided Drawing DEAoftware
and analysed by using Computational Fluid DynangicED) for the possible development in medical treait of
Multiple Sclerosis.

Bio-Heat Transfer Modelling of a Human Tissue

Normal human body is believed to be able to mamntaifixed body temperature of 37.0 °C. This is lsea
humans are homoeothermic or endothermic which bnathns warm blooded living things that are ablepioold the body
temperature constant. The main factors that aievsel to be able to influence the core body tempesaare age, diurnal,

illness, metabolism rate, time of the day, sexe sind skin tone. As for metabolism rate, the highes, the higher the
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average body temperature and vice versa. Wheredsre of the day, the average body temperaturadee likely to be
elevated at night and reduced in the morning. tfeoto normalize the human body temperature, ataohproduction of

heat is needed and this comes from food consumdélgebgigestive system.

Physical laws of heat transfer, such as conductionyection and radiation, control the heat tranisétween the
internal organs, body surface and the environmEmé concentration of heat within the body is thetda that the heat
constantly transfers from warmer to cooler arehat ts known as concentration gradient [13]. Factwch as blood
perfusion rate, metabolism rate and thermal comdticbetween internal body parts influence thesraf heat distribution
over the entire body. Blood perfusion is the deljvef blood via blood vessels while metabolic hgameration is the heat
generated through the metabolism process, botteamperature dependent and capable of affectinghtivenal behaviour
of living tissues. Various studies have producedess bio-heat transfer models that aim to quantifg problems
mathematically (Wulff [14], Chen and Holmes [15hr§ et al. [16] and Songet al. [17]), but they were complex and
lacked sound experimental data to validate themu (IL8]). With its simplicity and ability to accuedy predict the
temperature distribution in living tissues, the R bio-heat equation (Pennes [19]) proved to keb#st practical

approach for modelling the bio-heat transfer behaviThe general expression of Pennes bio-heatiequaads as

T (62T 2T

GEVY
pCE=k % W'ﬁ‘ﬁ)ﬁ'CbW(Ta—T)'Fq (1)

Wherep, ¢, k, T, w, g, andt respectively are the density, specific heat cdpattiermal conductivity, temperature,
blood perfusion rate and volumetric metabolic hgameration, and time. Subscrigsand b are for artery and blood
respectively. The term on the left hand side ofdigu (1) is the transient term, while the termstomright hand side are
the conduction, convection and metabolic heat gdiuegr, respectively. The well-known,gaw relates the perfusion rate
and metabolic heat generation with temperaturetates that, for every 30 reduction in tissue temperature, there is a

corresponding reduction in cell metabolism and 8liow by the constant Q which can be written as:

T-To

1 = 10
20 = Qo 2

w T-T,

— = Qqp 10 €))

w

g° and W are the metabolic heat generation and perfusitnaiaa given temperature, & the core temperature
under normal conditions (3Z), and Qq is a constant with a value between 2.0 and 3.8o@ial. [20] used a @ of 3 and
Janssermt al. [21] used a @ of 2.5. The presence of thefQaw amplifies the cooling effect. Apart from pesion rate
being dependent on temperature, past studies adggested that perfusion rate is influenced by tiaénbcondition. Diao
et al. [20] suggested that the perfusion rate of an isétidrain is only 20% of its normal value, and ttiet Qo Law does
not apply. Dennist al. [22] echoed this suggestion by pointing out that thekpgdaod flow velocity to the brain is

reduced to 10% of its normal value during sevenekst

Due to the combination of disciplines in this acdatudy, many computational analyses were donengyneers
with the medical researchers so as to further dgviie investigation for the medical community B ia part of the
biomedical engineering field [23]. In this resdarthe Pennes bio-heat transfer equation was abpliereate a User
Defined Function (UDF) code to model the sourcentar energy equation, and then is used for the Isition of forearm
cooling.
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Geometric Modelling of Human Forearm and Conditions

The human forearm is considered as a part of therdpmb, located between the elbow and wrists Kupported
by two bones; the radius and ulna. There are twin laxderies, two main veins and three nerves infohearm. The two
main arteries are known as the radial and ulnarieg; their function is to carry oxygen rich bloodt from the heart to
the forearm. The two main veins involved in theesim are deep and superficial veins. The functfaheep vein is to go
together with the deep arteries of the forearmJenvbiiperficial vein is used to go up in the subcetas tissue [24]. The
three main nerves are the median, radial and uleares and each of them gets thicker as it goefsoup the wrist to
elbow. The major nerve of the anterior sectionha forearm is the median nerve, which conducts Isgsufrom the

receptors of forearm to the brain and spinal corgrocess and return the signals back to the foréar a response [24].

The transformation of Computerised Tomography (68ans and Portable Network Graphics (PNG) files of
human forearm was carried out by using the AMIRA&vgare, version 5.0, to visualize 3D scans. Thes€ans and MRI
sections of forearm were received from the Depantroé Health and Human Services at the Universftdiomingham
[25]. The chosen scans were connected from theanelbawrist to form the forearm model. The four sdengcans shown
in Figure 1 illustrates the first, second, thirdldaurth quarters of the entire forearm data senhfthe elbow to wrist, order

is from top left to bottom right [25].

Figure 1: First, Second, Third and Fourth Quartersof the Entire Forearm Data Set [25]

Both Power SHAPE and Solid Works CAD software weased for the conversion of files and editing ofdwmio
before exporting to the CFD code for simulationeT@FD code employed in this research was FLUENT Bug to the
complexity of the slices, the forearm was dividatbithree parts, which were the skin, muscle aniebdRadius and
Ulna). With the aim of making the forearm model moealistic, arteries, veins and nerves were ireduas those were
one of the heat sources in a forearm. The majerias, veins and nerves were constructed with POMZPE and placed
into the final forearm model. Having the forearmdabcompleted, the 3D model was exported to FLUEIX8-processor
(GAMBIT). The model was divided into different vohes for meshing. The mesh density was about 1,8§/arr.
Completely meshed forearm model, with Tetrahedras$hmelements, is shown in Figure 2 with differeatt® of human

forearm. Second order discritization in momentund amergy equations was applied with SIMPLE alganitias
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pressure-velocity coupling. The temperature of tlaeas set as 36.8C. Material properties for both fluid and solid

continuums were assigned as shown in Table 1.

The perfusion and metabolic heat generation terhfBemnes Bio-heat equation (Equation 1) are tenpera
dependent parameters, therefore a UDF code wilhenEwas created and implemented to account &setihelationships.
With the physical and physiological properties dfedent tissues shown in Table 1, the developediehavas used to

investigate different cooling scenarios as illustdain the next section.

Muscle

Arteries

Figure 2: Mesh Configuration of 3D Forearm Model

Table 1: Physical Properties of Tissues Used in Metling of Human Forearm

Skin 3570 1200 0.32 1.5 500

Muscle 3590 1060 0.39 2.38 500
Bones 1700 1500 1 0.15 130
Nerves 1676 1025 0.492 3.4 150
Arteries and 1676 1025 0.492 19.5 150

Veins

RESULTS AND DISCUSSIONS

In this section, the CFD temperature distributichsough different sections/parts of human foreama a
investigated under different cooling strategies.absess the CFD model for accurate predictionropégature, the CFD
results of present human forearm model were va@tlagainst data measured by Pennes [19]. Thegesalipresented as
temperature distribution along the transverse akitie forearm. Tissue temperature versus deptvesunf eight subjects
(data points) together with CFD results, alongxh8mm line of the forearm mid section (left sideFagure 3), are shown
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in Figure 3. The measurements were carried ounbgriing Y-model thermocouples through the trarsveixis of the
forearm [19]. The normalized temperature in thdigak axis of Figure 4 is defined as:

. Tissue Local Temperature—Skin Temperature
Normalized Temperature = i i

(4)

Maximum(Core) Temperature —Skin Temperature

Whereas, the normalized radius in the x-axis ofufég2 refers to the distance from the core of tivedrm
divided by half of the total transverse distancs. dan be seen, good agreement between measuregdFandalues is
found with the maximum deviation being for subjdaif the measured data. The CFD values are shovie ¢completely

within the domain of measurements for the eighjesttb with acceptable prediction.

12

1 G N
b * X
Upper Side ] / X QX\

Subj1

Subj2 \
. *
X Subj3
7 X Subj4
X X

SubjE

| A Subj 6 X
Lower Side / Subj 7 X
02 | Subj8 X
3

o

oo
N
Pa

*

N
*

><’
s 4
rd

Normalized Temperature
o
o
N
X

o
>

X%

—Present Simulation i

Upper Side Lower Side X
0

-05 0.4 -03 -0.2 0.1 0 0.1 0.2 0.3 0.4 05
Normalized Radius

Figure 3: CFD Model Validation against Data Measurd by Pennes [19]. CFD Temperature
Distribution through Line X=3mm of the Simplified M id Cross Section of the Forearm (Left Side)

Cooling the median nerve would probably result acreéasing the possibility of MS disease. Theretbee
investigation focuses on how to reduce the tempezaif median nerve by cooling the human forearon.the purpose of

MS, CFD simulations of forearm cooling were carrgad under different cooling scenarios; these are:
e Cooling entire skin surface of human forearm afarm skin temperature,
e Cooling half the skin surface of human forearmrafarm skin temperature, and
e Applying Peltier cooling to human forearm at lozalil regions.

The effect of cooling the entire human forearmmifarm skin surface temperature of°@is shown in Figure 4.
The temperature contours through lateral plangéseohuman forearm from elbow to wrist are presemtdelgure 4a along
with temperature distribution through the mediamnveeat the mid lateral section in Figure 4b. Topkéee whole skin
surface temperature at’@ an equivalent cooling heat transfer rate of 38/0s required. As illustrated in Figure 4a, the
cooling effect uniformly takes place through thénsthickness and further through the muscle. Thesadce covers the
region of nerves. The cooling effect becomes mdfectve at the wrist side where the thickness dases. From
Figure 4b, the average temperature of the mediavenat the mid lateral section is about 2C.5vith a change in

temperature through the nerve from core side to skie of about 1°Z.
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Figure 4a: Temperature Contours (In°c) Through Lateral Planes of Human Forearm
When Cooling the Entire Skin Surface at Uniform Tenperature of 10c
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Figure 4b: Temperature Distribution throughout Median Nerve at Mid Lateral Section
When Cooling the Entire Skin Surface at Uniform Tenperature of 10c

The effect of cooling half the skin surface froning bones, upper and lower sides (see left sidégufre 3) are
shown in Figure 5 (a, b, ¢ and d), respectivelyol€d skin equivalent cooling heat rate is 16W whealing from veins
side and is 8.12W while cooling from bones side.tlmother hand, cooled skin equivalent heat teansite is 10.87W
for cooling from the upper side and is 12.71W wheanling from the lower side. When cooling half skiom veins side,
the average nerve temperature is 2@;2while it is 35.57C in case of cooling half skin surface from bonie sAs
illustrated, cooling half surface from the bonetegjFigure 5b) is insignificant as the nerve terapee is not considerably
affected by cooling. When cooling half skin surfabetter cooling results would be obtained wheningahe skin from

veins side with regard to nerve temperature.
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Figure 5: Temperature Contours (In°c) Through Lateral Planes of Human Forearm
When Cooling Half Skin Surface at Uniform Skin Temgerature of 10°c
(A) Viens Side, (B) Bones Side, (C) Upper Side, and (Ddwer Side
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Another cooling strategy applied to the human fore# the use of Peltier thermoelectric coolerdoatlized
regions. Peltier cooler operates using the thereabet effect that take place between two junctiohdissimilar metals
when voltage difference is applied. In a thermaegiecooler, a large number of junctions are cotegtogether in such a
way that all cold junctions are connected on ode sind all hot junctions are connected on the diger. The cold side is
then attached to human forearm to get the necessaling effect. Figure 7 shows Peltier coolerstiom model human
forearm and also the possible investigated statethése coolers. The coolers may be positionégedn the UL-Position
(State 1) or on the UR- Position (State 2). Thecooled skin is computationally treated as adiablationdaries. For
forearm cooling at State 1 (Figure 7a), a cooliaig of 12.44 W is required to keep skin spots 8€18gainst a value of

11.86W for cooling at State 2 (Figure 7b). When pamad to state 1, applying Peltier cooling at Sateould result in a
decrease in median nerve temperature.

Skin Coolers
(UL-Position)

Skin Coolers
Un-cooled Skin {UR-Position)

Figure 6: Peltier Coolers
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Figure 7a: Temperature Contours (In°c) Through Lateral Planes of Human
Forearm with Peltier Coolers at UL-Position (Statel)
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Temperature distributions through the median netvaid lateral section of forearm are comparedigufe 8 for
different cooling scenarios. From MS prospectitas iclear that cooling half the surface of theemim skin from bones
side would be insignificant as the median nervepenature is not significantly affected by coolif@n the other hand,
cooling the entire skin surface would result in éswmedian nerve temperature. However, such low amedierve

temperature might have negative impact for someplle, spasticity in particular [26].

40

N
=

Tissue Temperature, "C
'

=== = 50% coolad Skin (Bones Sida) { T
TPeltier Cocling (UL Pesition) m
Teltier Cocling (UR. Position) C fﬂ
=+ 50%Cocled Skin (Upper Sids) l\ /
=+ +50% Coolkd Skm (Lowar Sidg) :
i 5:Skin-Sidef

50% Coolkd Skin (Veins Side) H C C Sd pu
e 100% Conkd i L CaCore Side]

=
=

20 LY 21 211§ 22 2258 2 2E
Distance, mm

Figure 8: Comparisons of Temperature Distribution through Median Nerve at
Mid Lateral Section for Different Cooling Scenarios

CONCLUSIONS

The effects of different cooling scenarios via anlam forearm for the purpose of Multiple Sclerosisrev
computationally investigated. A complete structofea human forearm was modelled using CAD software analysed
using CFD to determine the overall temperature. ¢beling scenarios that were applied to human fonemodel to
reduce the possibility of having MS symptoms andsegjuently nerve damage are cooling the entireskiface, cooling
half skin surface and use of Peltier coolers. Hseilts obtained showed that cooling the entire skiface would result in
lower median nerve temperature compared to othelingp scenarios. However, this might be worse fome people
having MS symptoms. On the other hand, cooling skilfi surface from bones side would be insignificasmthe median
nerve temperature is not considerably reduced lojirmp Most appropriate cooling strategy would keséd on people
with MS symptoms experience.
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