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Abstract: The work presents the computational and experimental analysis of the neonate’s
brain cooling process. The brain cooling can be nowadays considered as a hypothermic ther-
apy which allows to reduce significantly or even fully eliminate negative results of the hypoxic-
ischaemic encephalopathy (HIE) which is still a relatively frequent problem encountered dur-
ing childbirths (2 cases for every 1000 births).

The fully 3-D real geometrical model of the newborn’s body is built using Mimics software and
the Design Modeler and utilizing available MRI and CT scans. The developed model is based
on the Pennes bioheat equation which allows one to determine temperature field within all
neonate’s tissues. The blood perfusion rate, metabolic heat generation rate as well as arterial
and venous blood temperature are all dependent on the tissue temperature. In order to deter-
mine proper values of the model parameters an attempt to experimental measurements and
inverse analysis, based on the standard least-square method, is also carried out. Those meas-
urements include experiments with the own thermal mannequin, specially designed stand to
register the heat rate within a cooling cap and the thermographic camera. Obtained model
parameters were also compared to the data obtained from neonatologists and medical litera-
ture.

To implement the whole model, the Ansys Fluent with its User Defined Function capability was
used. Tuned model was then applied to simulate the neonates’ brain cooling process with a
good accuracy and to determine of the proper time of the therapy individual for a patient.
Obtained results are also compared to real hypothermic therapy. In this way the new protocol
of the therapy and particularly its rewarming phase can be established in the safe way.
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1 INTRODUCTION

According to the data provided by the World Health Organization, perinatal hypoxemia is
still a relatively frequent problem encountered during childbirths (2-4 cases for every 1000
births). The problem starts with improper blood circulation which causes insufficient transport
of oxygen to the brain. At the same time insufficient cooling of the brain by blood causes
increase of brain temperature. Question how serious are consequences of these dangerous con-
ditions certainly depends first of all on how long neonate’s brain was not sufficiently provided
with the oxygen and how much its temperature raised. In many difficult situations, the hypoxic-
ischaemic encephalopathy (HIE) can be developed. The selective brain cooling can be nowa-
days considered as a hypothermic therapy which allows significant reduction or even elimina-
tion of results of the hypoxic-ischaemic encephalopathy. It is, however, absolutely crucial that
brain cooling of the neonate is initiated within 6 hours after delivery and that the body temper-
ature of infants is kept in a consistent hypothermic range of 340C to 350C for at least 72 hours.
At the same time, in order to mitigate the side effects of rapid change of tissue temperature
during hypothermal therapy, deep body temperature should still be kept at a constant and secure
level. This frequently requires thermal irradiating the rest of the body of the baby while its head
should be cooled. Particularly important and difficult to maintain is the moment when the in-
ternal body thermoregulation centre is ready to intercept the control over the body temperature.
An extensive review of those processes and relevant literature is offered by Laszczyk and
Nowak [1], [2].

Although this hypothermic therapy is already being applied for some years, it is still not
quite clear how big should be a heat flux received by the cooling device from the newborn's
head to maintain suitable temperature field inside the newborn's brain and throughout the entire
body during the whole therapy period. Many doubts are also associated with a question what
is the proper time of the hypothermic therapy. It should also be noticed that in case of cooling
by use of the Cool Cap system, e.g. [3], the guidelines for rewarming phase are still not stand-
ardised and cooling parameters during this stage of treatment are set only manually. Therefore
it is advisable to develop a reliable computational model of a typical newborn brain cooling
process which after tuning could represent hypothermic therapy reasonably well and would
offer possibilities of testing various therapeutic scenarios. It should be stressed that results of
this kind of simulations could help, in a longer term, to identify the specific parameters to
optimally tailor hypothermia therapy for individual newborns, and as a consequence - protect
the life of neonates.

Heat transfer in the human brain and/or the whole human body has already been modelled
and authors of these works used different levels of simplification in terms of geometry and in
terms of mathematical description of the heat transfer processes. One of the first and the sim-
plest model was proposed in 1998 by Nelson and Nunneley [4]. They treated head as a hemi-
sphere with subsequent tissue layers (i.e. brain, skull and scalp). Then, geometric representa-
tions of the head in succeeding models evolved gradually tending to more realistic structures,
e.g. [5]-[7]. In this context, a 3-D realistic anatomical voxel model of a neonate’s head, pro-
posed by Van Leeuwen et al. [8], and 3-D realistic model based on MR and CT scans, built by
Laszczyk and Nowak [1], [2], should be pointed out.

In terms of the mathematical description of heat transfer processes within the human tissue
in the majority of works the entire neonate’s body is divided into a number of segments like
head, hand, foot, etc. and the Pennes bioheat equation [9] is adapted. It should, however, be
stressed that the computational model of bioheat transfer processes proposed in [1] and [2] and
used also in this work is essentially different from the models cited above. First of all, our
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whole-body model applied herein is a full 3-D model (see Fig.1.), although, due to the sym-
metry, only the half of the neonate body is considered. From some cited works and particularly
from Fiala [5], we borrowed only the idea of blood pool and the idea of geometrical segments
[10] schematically shown in Fig.2. However, from the very beginning, we assume that those
segments have really complex shapes and are smoothly connected to each other. As a conse-
quence the temperature field within each segment is 3-D and heat is exchanged between neigh-
bouring segments through their all interfaces.
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Figure 1: The 3D geometric model of the neonate’s body. Figure 2 : Division of the body into
sectors

In order to carry out computational solutions of the bioheat transfer in the newborn's body
using above discussed model, the values of model parameters, i.e. blood perfusion rate, meta-
bolic heat generation rate in particular tissues and an overall heat transfer coefficient on exter-
nal skin need to be specified. Some of these parameters related to tissue properties have been
subjects of the inverse analysis [1] and [2] while the overall heat transfer was measured using
neonate thermal mannequin [11, 12, 13].

Equally important in this context are also boundary conditions, and particularly equation
representing a heat transfer rate in the Cooling Cap. In this paper, the volume flow rate and
temperatures of a cooling fluid flowing through a cooling cap are measured and recorded. This
is the first attempt to monitor the time history of the heat flux rate transferred from the patient
head to the cooling fluid during brain cooling process. This should help to understand the phys-
ics of the process better and fully control it.

2 BASIC MODEL EQUATIONS

The analysis of heat transfer processes during brain cooling should generally be carried out
as a transient one, what eventually can lead to the steady-state. However, it should be noted
that the heat capacity of the blood within one numerical cell is small comparing with the heat
capacity of the tissue and as a consequence equations for arterial and vein blood temperature
can be formulated as steady-state, but for the consecutive time steps.

As already mentioned, it is assumed that transient heat transfer in human tissues is governed
by Pennes bioheat equation [5]:

oT, _

: (1)
P C; ot —v'(kt v? Tt)*‘pb ¢y O Ty = T) + &, Qrer

where subscripts ()i, ()b and ()a refer to tissue, blood and artery, respectively. Symbol T
stands for temperature (in K), x,, in W/(mK), is a tissue thermal conductivity, p, kg/m?, its
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density while c, in J/(kgK) is a specific heat. Quantity g, , in W/m® represents a metabolism

and is an amount of energy which is generated within a unit time and a unit volume of a tissue.
Blood perfusion is marked by «,, in 1/s, time is depicted by t, in's, and ¢ is a weighting factor

varying between 0 and 1.
Obviously, for steady—state one can write:

V(K V2 T)+ py ¢, @, (Tyr = T)+ &, G ¥

The blood perfusion rate and the metabolic heat rate are depended on the tissue temperature
and they can be calculated in the following way:

©, = O, (3(Tt—T0]/10) ©)

(.Zmet,t = q'met,t,bas (3(7}77‘0)/10) (4)
where ¢ ..., inW/m?, ¢, . in1/s, stand for the metabolic heat rate and the blood perfu-

sion rate in the reference temperature 7, equal to 310.15 K.

As already mentioned, the geometric model is divided into sectors: a head, a face, a neck,
a shoulder, a forearm, a left palm, a leg, a left foot, a thorax and an abdomen. Each sector,
identified by index ()«, has its own arterial blood temperature, Tak, (in K) vein blood tempera-
ture, Tv, (in K), and blood mass flow, m, , in kg/s. In the analysis it is assumed that mass flows

of the artery and the vein bloods are equal. Each k sector is also divided into appropriate num-
ber of tissues, identified by index ();, while index ()i in the derived equations refers to a partic-
ular numerical cell.

Arterial temperature 7, is calculated by the following relationship:

(12)
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The heat transfer hx accounts for the differences of the arterial and blood temperatures as
dependent on the distance from the blood pool. Since the neonate’s body which is generally
small, comparing to an adult's body, it is assumed here that the value of h is generally small
(almost equal to 0) for each segment.

It is assumed that the vein blood temperature 7, , ., leaving a given numerical cell i in tissue

j in a segment k is equalled to the temperature of the considered numerical cell 7;, .. Addi-

tionally, the energy of the vein blood leaving the tissue j in a segment k is equalled to the total
energy of the vein blood leaving all numerical cells in the tissue j, as well as that the heat
capacity and density of blood is common for whole body, the temperature of the vein blood is
expressed by:

Ta,k =

Ji Nk (13)
> “’1,{ : (Vi,j,k Tiijw )}
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In the developed model it is assumed that the circulatory system contains the mixing spot
called the central blood pool gathering the vein blood from all sectors and distributing the
arterial blood to each sector. The temperature of the central blood pool, Tp, in K, is common
for the whole body and is identified with the rectal temperature of the newborn.

In the central blood pool the blood from each segment is mixed. After some simple algebra
manipulations [2] one can obtain the equation to determine blood pool temperature 7, which

is an extension of result given by Fiala et. al., [5]:

. 5 Jg Nk (14)
k | € pbza)j,k|:2(‘/i,j,k 'Tt,i,j,k):|
Z =) i1
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T, = -
(e, - )
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More details can be found in [1] and [2].

3 HYPOTHERMIC THERAPY AND MEASUREMENTS

As already mentioned, the hypothermic therapy should be initiated at most within 6 hours
after delivery. Patient being prepared for the treatment is naked and he/she is losing heat to
environment as it is visible in Fig.3. It can be expected that temperature at the abdomen/torso
is typically quite even and approaches 34°C whilst at limbs values of temperatures is lower and
equal to about 28°C. This fairly big temperature difference might be a surprise, but even for
perfectly healthy neonate, temperature of his/her skin is not uniform. All protruding elements
of the body like fingers at palm and foot, nose, shanks etc. are much colder than skin of re-
maining parts of the body. Temperature differences are absolutely noticeable and may even
reach 3-4°C. This is confirmed by IR picture displayed in Fig.4.

Flgure 3: Patient with applled brain Coollng Figure 4: Temperature field of the baby’s skin
therapy measured by thermographic camera

Then neonate’s head is cooled using the cool cap supplied with cold water prepared by
cooling centre as schematically shown in Fig.5. The rest of neonate’s body is generally heated
by heating mattress and being irradiated by radiant warmer (see Fig.6.). As a result temperature
of the head decreases to about 28°C, whilst the temperature of the torso increases a little and
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on the limbs rises even to about 37°C. It should be remembered that if the temperature on the
skin surface of the head is such low, the temperature inside the neonate’s brain is considerably
higher but still at the required level. It is caused by the high thermal resistance of the bones,
the high heat production of the brain and the current flow of the warm blood. This is confirmed
by number of computer simulations, e.g. [2]. Exemplary results of this type of simulation are
shown in Fig.7. a) and b) together with the temperature field of the central cross-section of the
body in Fig.7. c).
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Figure 5: Accessories of Olympic Cool-Cap system [3]. Figure 6: Thermal protection of the head.

The heat flux transferred from the brain to the cooling water flowing through the cooling
cap is certainly not constant during therapy but depends on the water flow rate and its temper-
atures.

38 The Olympic Cool-Cap system originally controls
gg only the average temperature of the cooling fluid and
35 this is set by the neonatologist. Any other
34 information about the performance of the system is
33 . .. .
30 not available. This is why special water flow meter
2(1) equipped with temperature sensors has been
59 designed and manufactured. This flow meter (shown
= gg in Fig.8.) is.equipped W_ith GSM system and qllows
'26 ' ' ) one to monitor fluctuations of the heat flux in the
25 ) b) c) brain cooling process even remotely using internet

Figure 7: The temperature distribution (in °C)on ~ browser. However, data are secured by user account

the skin surface (a), at the left side (b) and onthe  and password. In this way all computational analyses

central cross section (c) at the end of the cooling  carried out during therapy can be made without any
stage. disturbance to the medical personnel.

Fig. 9. demonstrates how this special water flow meter equipped with the temperature sen-
sors has been connected to one of IN/OUT ports of the cooling device. Hence, from the oper-
ation point of view, there are no differences for the nurses. There are no differences in the
treatment process as well.
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Figure 8: The water flow meter equipped with temperature sensorsto  Figure 9: Cool Cap equipped with the water
monitor fluctuations of heat flux in the brain cooling process flow meter and temperature sensors
remotely

With the help of the water flow meter described in this paper, some measurements of the
heat flux have been carried out and recorded remotely. They are discussed briefly in the next
section.

Radiative component of heat transfer is determined utilizing apparent “radiative tempera-
ture” which was measured using so-called globe thermometer shown in Fig.10.

4 SELECTED RESULTS AND DISCUSSION

The water flow rate and temperatures of the cooling water have been measured in course of
three hypothermic therapies, see Tab.1.

ID Date of birth ACtuaIkrSass in

D1 17.03.2017 279

D2 24.06.2017 290

D3 02.07.2017 214
Figure 10: Globe thermometer Table 1: Basic data for considered three patients

measuring radiative temperature

The recorded history of variations of the cooling water temperatures in oC (red and dark
blue curves), water flow rate in liters/min (green curve and scale on the right side) and heat
rate in wats (light blue curve and scale on the left side) for patient N1 are presented in Fig.11.
Simultaneously, variations of core temperature (light blue curve), the temperature of the skin
over the abdomen (red curve) and temperature of the forehead (green curve), all in oC, have
also been recorded and are shown in Fig.12. Curves in Fig.11. and 12 are plotted as one-hour
means of measured values.

Fig.13 and 14 demonstrate analogous results for patient N2 while results for patient N3 are
presented in Fig.15. and 16.
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It should be noticed that core temperature is at the level of 34°C for all three patients, which
was a desirable/expected temperature. The skin temperature is at the normal level, i.e. is around
36°C, again for all three patients. Some small disturbances can be observed for patient N3
between 15" and 25" hour of the therapy resulting in small overcooling of the lower part of
the body. This was then compensated by radiant warmer.

Temperature and volume flow rate of the water in Cool Cap Temperature changes during therapy
together with heat rate in Cool Cap one-hour mean values for Patient no 1
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Temperature and volume flow rate of the water in Cool Cap Temperature changes during therapy
together with heat rate in Cool Cap one-hour mean values for Patient no 3
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The temperature of the forehead for patients N1 and N2 are very similar while this temper-
ature for patient N3 is essentially different. Reason for this different character of temperature
variations is up to now not known, the more so heat rate for this patient is only slightly bigger
than for patient N1 and visibly smaller than for patient N2. The one possible explanation can
be associated with the clearly smaller weight of this patient, see Tab.1.

The rate of heat for all three patient is compared in Fig.17. It should be noticed that range
of this quantity within the course of therapy is fairly similar for all three cases, at least between
10th and 45th hour of the therapy. Some more clear differences can be observed at the begin-
ning of therapy. This is absolutely understandable since infants are transported to the hospital
at different medical states. Much more difficult is to understand and explain those substantial
fluctuations at the end of therapy. They will be analysed when more measurement data will be
obtained.

Heat rate through Cool Cap
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Figure 17: Comparison of the heat rate for all three patients

The measured values presented above are utilised to formulate convective boundary condi-
tion on the neonate’s head. To make such boundary condition reliable many more experiments,
as well as medical tests, are required.

8 CONCLUSIONS

The newborn's brain cooling can be considered nowadays as therapy to considerably reduce
or even fully eliminate results of the hypoxic-ischaemic encephalopathy. The computer model
of this therapy developed in the previous works cited in this paper requires reliable boundary
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conditions. The most important boundary condition, i.e. the heat flux transported from a new-
born's head to a cooling liquid was measured using specially designed measuring equipment.
Identical measurements should certainly be repeated with subsequent patients and analysed
from the statistical point of view.

No doubts, the therapy itself and its computational model still require a lot of medical trials
due to some open questions such as the proper time of the cooling stage of the therapy, precise
scenario of rewarming stage, the total time of rewarming, etc. Coupling developed a computa-
tional model with the series of experiments and processing results of measurements recorded
during brain cooling treatment of real babies should allow verifying numerous research hy-
potheses related to that therapy. Such thorough examination of the newborn's brain cooling
process and its analysis from different perspectives will allow deepening knowledge about hy-
pothermic therapy.

REFERENCES

[1] Laszczyk, J.E. and Nowak, A.J., The Analysis of a Newborn's Brain Cooling Process,
LAP LAMBERT Academic Publishing, 2015, ISBN-13: 978-3-659-67932-2.

[2] Laszczyk, J.E. and Nowak, A.J., Computational modelling of neonate's brain cooling,
International Journal of Numerical Methods for Heat and Fluid Flow, Vol. 26, (2016),
No. 2, pp. 1-23, Emerald.

[3] Olympic Cool-Cap System Trainer, (2007), The operating instruction Olympic Medical,
a division of Natus, USA.

[4] Nelson, D., Nunneley, S., Brain temperature and limits on transcranial cooling in humans:
quantitative modelling results, Eur J Appl Physiol, Vol. 78, (1998), Springer-Verlag, pp.
353-359.

[5] Fiala, D., Lomas, K.J. and Stohrer, M. [1999], A computer model of human
thermoregulation for a wide range of environmental conditions: the passive system,
Journal of Applied Physiology, Vol. 87 No. 5, pp. 1957-1972.

[6] Janssen, F., Van Leeuwen, G., Van Steenhoven, A., Modelling of temperature and
perfusion during scalp cooling, Physics in Medicine and Biology, Institute of Physics
Publishing, Vol. 50, (2005), pp. 4065-4073.

[7] Diao, C., Zhu, L., Wang, H., Cooling and rewarming for brain ischemia or injury:
Theoretical analysis, Annals of Biomedical Engineering, Vol. 31, (2003), pp. 346-353.

[8] Van Leeuwen G. M.J., Hand J.W., Lagendijk J. J., Azzopardi D.V., Edwards D.A.,
Numerical modelling of temperature distributions within the neonatal head, Pediatric
Research, Vol 48, (2000), No 3, pp. 351-356.

[9] Pennes, H.H., Analysis of Tissue and Arterial Blood Temperatures in the Resting Human
Forearm, J Appl Physiology, Vol. 1, No. 2, (1948), pp. 93-122.

[10] Wissler, E.H., A mathematical model of the human thermal system, The Bulletin of
Mathematical Biophysics, Vol. 26, Issue 2, (1964), pp. 147-166.

[11] Ostrowski, Z., Rojczyk, M., Laszczyk, J., Szczygiet, 1., Kaczmarczyk, J., Nowak, A.J.,
Infant care bed natural convection heat transfer coefficient - measurement and estimation,
Przeglgd Elektrotechniczny, Vol. 90, Issue 5, (2014), pp. 122-125

10



First A. Author, Second B. Author, Third C. Author

[12] Z. Ostrowski, M. Rojczyk, I. Szczygiel, J. Laszczyk and A.J. Nowak, Dry heat loses of
newborn baby in infant care bed: use of a thermal manikin, Journal of Physics:
Conference Series, Vol. 745, (2016), p. 032087, doi:10.1088/1742-6596/745/3/032087

[13] Ostrowski Z., Rojczyk M., Natural convection heat transfer coefficient for newborn baby,
Heat and Mass Transfer, (2017), doi:10.1007/s00231-017-2200-7

11



