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Abstract: Intradialytic hypotension (IDH) is one of the
most common complications of hemodialysis (HD)
treatment. The initiating factor of IDH is a decrease in
blood volume, which is related to an imbalance between
ultrafiltration (UF) and refilling rate. Impaired reactivity of
resistance and capacitance vessels in reaction to hypo-
volemia plays possibly a major role in the occurrence of
IDH. These vessels also fulfill an important function in
body temperature regulation. UF-induced cutaneous vaso-
constriction would result in a reduced surface heat loss and
an increase in core temperature. To release body heat, skin
blood flow is increased at a later stage of the HD treatment,
whereby possibly IDH can occur. The aim of the study is to
develop a mathematical model that can provide insight into
the impact of thermoregulatory processes on the cardiovas-
cular (CV) system during HD treatment. The mathematical

procedure has been created by coupling a thermo-
physiological model with a CV model to study regulation
mechanisms in the human body during HD + UF. Model
simulations for isothermal versus thermoneutral HD + UF
were compared with measurement data of patients on
chronic intermittent HD (n = 13). Core temperature during
simulated HD + UF sessions increased within the range of
measurement data (0.23°C vs. 0.32 = 0.41°C). The model
showed a decline in mean arterial pressure of —7% for
thermoneutral HD + UF versus —-4% for isothermal
HD + UF after 200 min during which relative blood
volume changed by —13%. In conclusion, simulation results
of the combined model show possibilities for predicting
circulatory and thermal responses during HD + UF. Key
Words: Cardiovascular modeling—Hemodialysis—Hypo-
tension—Thermoregulation.

Hemodialysis (HD) is the most common method
used to treat kidney failure. Severe loss of kidney
function is a threat to life and requires removal of
toxic waste products and restoration of body fluids
toward desired levels. This can be accomplished by
dialysis with an artificial kidney. Excess body water,
accumulated during the interdialytic period, is
removed by blood ultrafiltration (UF). Plasma water
depletion induces a decline in relative blood volume
(RBV)upto20% in a 3-5 h period, thereby disturbing
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the cardiovascular (CV) system. Autonomic
compensatory responses to hypovolemia involve a
decrease in venous vessel capacity to maintain cardiac
filling, an increase in vascular resistance to ensure
perfusion of critical organs, and an increase in cardiac
contractility and rate to optimize heart activity (1).
Hypovolemia has been suggested to be the main ini-
tiating factor behind intradialytic hypotension (IDH).
IDH remains a significant cause of morbidity and
patient discomfort in the HD population (2). The
underlying mechanisms are not yet fully understood.
Nevertheless, several theories have been introduced
to explain IDH (3).These include: acute alterations in
the autonomic nervous system activity, a decrease in
plasma osmolality related to dialysate sodium concen-
tration,a marked fall in cardiac output (CO),impaired
venous compliance, and an impaired reactivity of
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capacitance and resistance vessels. The exact role of
the capacitance and resistance vessels in the blood
pressure response to HD remains uncertain. In
general, an important function of these vessels is
related to body temperature regulation. Heat loss
across the skin surface is regulated by controlling
blood flow in cutaneous blood vessels. In a warm
environment, the vessel’s diameter is widened. This
provides an increase in blood flow to the periphery.
As a result, skin temperature rises, which leads to an
increase in heat transfer to the environment. Vasocon-
striction acts like a defense mechanism in a cold
ambient environment. Gotch et al. (4) introduced the
hypothesis that during HD, when resistance vessels
are constricted due to loss in circulatory blood volume
(BV),the regular heat balance is interrupted by means
of reduced heat dissipation from the skin, while at the
same time the metabolic heat production remains the
same. As a consequence, heat is accumulated and core
temperature would increase during the dialysis treat-
ment. At a certain threshold, skin vessels would
open in order to remove excess heat from the body
core. This mechanism counteracts the physiological
response to hypovolemia, thereby possibly causing
sudden hypotensive episodes during the HD session.
Van der Sande et al. showed that the internal heat
accumulation might very well be responsible for the
impaired vascular response during HD and found that
patient stability increases by cooling of the extracor-
poreal blood flow (5). These observations have led to
growing interest in thermal and circulatory effects
during HD and the development of several monitor-
ing and controlling strategies. Recent studies showed
that BV monitoring devices have a moderate effect on
the reduction of the incidence of IDH (6,7). Contrac-
tion of splanchnic and possibly splenic vascular beds
during HD can compensate part of the reduction of
the RBV (7). The role of cool temperature dialysis
shows greater promise for reducing the incidence of
IDH (6). However, there is still a lot unknown in
finding the optimum dialysate temperature.

The hypothesis by Gotch et al. has not yet been
verified; in consequence, we developed a mathemati-
cal model that accounts for thermal and hypovolemic
effects on the CV system during HD + UF. The aim of
the study is to develop a mathematical model that
can provide insight into the impact of thermoregula-
tory processes on the CV system during HD
treatment. Fundamentally, the procedure is based on
a coupled thermo-CV model. This approach enables
to examine the role of cutaneous vasomotion in the
occurrence of IDH. Mathematical models with
respect to arterial pressure response to BV with-
drawal have been proposed by Cavalcanti et al. (1)
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and Ursino and Innocenti (8), but to our knowledge,
no models exist where in addition also thermal
effects were taken into account.

PHYSIOLOGICAL MODELS

To characterize physiological behavior of the
human body related to thermal and CV response
during HD, two models are considered: a thermo-
physiological (TP) model and a CV model. Both
models interact as illustrated in Fig. 1. Changes in
heart rate (HR) and BV are used as model inputs. A
reduction in HR leads to a decrease in CO. Plasma
water removal reduces circulatory BV, after which
right atrial pressure (p,,) tends to decline. Low right
atrial pressure decreases stroke volume and therefore
CO (Frank-Starling effect) (9);as a consequence, arte-
rial pressure (p,) drops. To compensate for low blood
pressure, baroreceptors generate impulses to increase
total peripheral resistance (TPR) by vasoconstriction
and to decrease unstressed venous volume (V).
These baroreceptor pathways are indicated by dotted
lines in the scheme. Hypothalamus temperature (75,)
is considered as core temperature, which will decrease
if TPR declines and vice versa.

TP MODEL

During current research, ThermoSEM (10) is used
to simulate thermoregulation in a human body. The
model’s fundamentals are based on the Fiala model
(11,12). From the mathematical point of view, the
human thermoregulation model can be separated
into a passive system and a controlling active system,
in a similar way as is done in the Fiala model.

. B et
CV

|

==

W

CO]

v,
v,

fode ol

L =
] 8

FIG. 1. Dependency scheme for CV variables and
thermoregulation. Frames indicating the two different models; the
dark gray frame indicates the CV model and the gray frame
represents the TP model. Mechanisms under baroreflex control
are indicated by dotted lines.
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Passive system

The passive system accounts for environmental
heat exchange via conduction, convection, radiation,
and evaporation, and for the conduction and convec-
tion via the blood within the body elements. A char-
acteristic geometry of the humanoid was achieved by
lumping the body into 19 segments: a sphere for the
head and 18 cylinders symbolizing the trunk and
limbs (Fig. 2). All segments consist of multiple con-
centric layers, representing different tissue types,
from the inside out: bone, muscle, fat, inner skin, and
outer skin. The thermal properties of these tissues are
known and can be found in literature. We used the
values described in Fiala et al.’s study (11). The seg-
ments are divided into three sectors whereupon
asymmetric boundary conditions can be applied.

Pennes (13) introduced a modification to the heat
equation that accounts for metabolic heat generation
and the exchange of heat between flowing blood and
surrounding tissue:

pe 2L kP T o (T -T)ra (1)

where p, ¢, and k are density, specific heat, and
thermal conductivity, respectively. T is the local tissue
temperature and T, is the temperature of the perfus-
ing blood. w is the volumetric perfusion rate, g is the
metabolic heat production, and subscript “b”
describes a blood property. The first term of the right-
hand side of Eq.1 describes the heat conduction
within the tissues, the second term describes the con-
vective heat transfer between the blood and the
tissues, and the third term describes the heat genera-
tion within the tissues.

Solving Pennes’ heat equation for the body ele-
ments requires information of thermal energy trans-
fer (ET) between skin surface and environment by
convection, radiation, and evaporation. The model

Outer skin
Inner skin
Fat

Muscle

— |
Blood pool

FIG. 2. Construction of the passive human body model.

also includes convective heat transfer by the blood in
the capillary beds (10). Systemic blood circulation
has a tremendous influence on heat dissipation within
the body. It prevents overheating in tissues with high
metabolic rate (e.g., the brain). In the present model,
blood flow was modeled by a central blood pool from
which the body elements receive warm blood (12).
During a time period, blood exchanges heat with the
cutaneous tissue before it flows back to the central
blood pool (Fig.2). By way of counter current heat
exchange, the arterial blood is cooled by the adjoin-
ing veins; this allows a more realistic distribution of
arterial blood temperature compared with assuming
a constant arterial blood temperature for the whole
body (10,11,14).

In the TP model, convective heat exchange
(Geonveciion) between the body surface of temperature
Ty and the moving air of temperature 7, is
modeled by:

qconvection = Ahc,mix (Yzf - nir) (2)

where A is the surface area and /., is the mixed
convection coefficient obtained from Fiala et al. (11).
The radiative heat flux between the body surfaces
and its environment is described by:

G radiation = Ahr (Tsf - Tenv ) (3)

where T,,, is the mean temperature of the surround-
ings and /4, is the radiative heat transfer coefficient
(11). This radiative heat transfer coefficient is also
dependent on the temperatures. Despite the rela-
tively low temperatures in the human body, radiation
is responsible for almost 60% of total heat loss, for a
sitting nude person at normal room temperature (4).

In the superficial cutaneous layer where sweat
glands are located, moisture evaporation always
takes place. The latent energy transport from a skin
sector depends on the heat of evaporation of water,
the water vapor pressure at the skin surface, and the
ambient air, Pinss and pair, respectively:

qevapomtion = A UE (pskin,sf - pair) (4)

where Ug is the resultant evaporation coefficient of
clothing covering the sector and the mass transfer
resistance through the air near the skin (11).

Finally, the model for respiration heat losses takes
two heat loss mechanisms into account, that is, latent
heat of vaporization of water (E,espiraion) and pulmo-
nary ventilation (Crespiraion) as a function of metabolic
rate M, (11):

Erespirati(m + Crexpimtion (5 )

qrespimtion

Artif Organs, Vol. 36, No. 9, 2012
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where the evaporative respirative heat loss is given
by

Erespiration = 344_[ MrdV (277 10_2 + 6
6.510° T,, —4.9110° p,;) ©)

The convective respirative heat loss is given by

Crespiraiion =1.439107 [ M,dV (32.6— ;
0.934T,,-1.9610~ p,;) @)

Active system

The human body is capable of keeping the core
temperature within close limits (36.8 = 0.6°C) (15).
Body temperature is controlled by nervous feed-
back systems and operates through temperature
regulation centers located in the hypothalamus.
Output signals are used to balance heat production
against heat loss. Heat production is in principle a
by-product of metabolism. Temperature and heat
production due to cell metabolism are coupled with
the van’t Hoff Oy relation, which states that for
every 10°C decrease in tissue temperature, cell
metabolism is reduced by a factor Qy (11,16). When
the rate of heat production in the body is higher
than the rate at which heat is being lost, heat builds
up in the body and as a consequence core tempera-
ture rises. Conversely, when heat loss is higher, body
temperature decreases. In cold conditions, the
human body reacts by means of shivering and vaso-
constriction. In a warm environment, the tempera-
ture control system uses vasodilatation of skin
blood vessels and sweating to release body heat
when body temperature becomes too high. All these
mechanisms are incorporated in the active system of
the TP model. The present active model operates
with so-called error signals introduced by Stolwijk
(17). An error signal equals the difference between
the actual state of a variable x and its setpoint
Xo, where the model tries to minimize the error
functions.

Perfusion

In the bioheat equation (Eq. 1), w, appears as the
blood perfusion rate. During thermoneutral condi-
tions, tissues are supplied at a perfusion rate wy; in
the case of non-neutral thermal conditions the flow
w, varies with changes in local metabolic rates.
Experiments from Rowell and Wyss (18) showed that
perfusion is linearly related to metabolism, therefore
the current model directly considers the energy
equivalent change in the factor AR; = pucrAws; as a
function of the change in metabolism Ag;:
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AB; = 1,Ag; (8)

Factor u, was obtained from Stolwijk (17).

Vasomotion

The rate of blood flow into the skin venous plexus
can vary remarkably from almost zero to as great as
30% of the CO (19). By expressing the local skin
blood flow (SBF)) in terms of the energy-equivalent
B, one obtains (12):

Tski —Tsk i 0

Bio +au; DI
: - O

1+a,,Csexp(-nDI)

B: =pyc,SBF; =
)

where B;o arises from the basal skin blood flow; ac;
and ay; are distribution coefficients; T and Ty ;o are
the actual and the reference skin temperature of the
i-th skin sector, and D/ and Cs represent the overall
responses of peripheral vasodilatation and vasocon-
striction, respectively. Vasoconstriction increases
cutaneous resistance and therefore reduces SBF. As a
consequence, heat is retained in the body core. The
expression for Cs was taken from Fiala (20).

Cs =35[tanh (0.34AT,, +1.07) — 1]A Ty +
dnk,m

3.9ATy..n
e (10)

In medium hot environments, dilatation leads to an
increase in SBF that causes heat to be transferred
from the core to the skin, again also the expression
for DI was taken from Fiala (12):

DI =21[tanh(0.79AT}.,, —0.70)+ 1]A Ty, +
32[tanh (3.29AT,, ~146)+1]AT,, ()

Sensitivity analysis

For the TP model, a sensitivity analysis was done for
the effects of individual body composition (mass,
height, body fat percentage, and resting metabolic
rate). A full description can be found in van Marken
Lichtenbelt et al.’s study (21). The main conclusions
were that the maximum impacts of body mass, body
fat percentage, and resting metabolic rate on the
mean skin temperature are of comparable order
of magnitude (maximum 1.2-1.5°C), whereas the
impact of body height is less pronounced (maximum
0.4°C). Core temperatures are just slightly affected.
The influence of tissue properties was not investi-
gated, because they hardly change between individu-
als and can be adequately measured.
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HD equipment heat exchange

An extension of the TP model has been made for
the incorporation of HD equipment. Current
research is focused on thermal and CV response
during HD treatment, therefore only BV reduction
by way of UF and thermal effects of the HD equip-
ment are modeled. In clinical practice, a blood tem-
perature monitor controls the temperature of the
patient by adjusting the dialysate temperature.
Several methods have been introduced to control
patient core temperature, these include: thermoneu-
tral (no ET from patient to extracorporeal circuit),
constant core temperature, and constant dialysate
temperature (22,23,32). The HD heat exchange
model controls the body’s core temperature by con-
trolling the blood temperature in the venous line. ET
can be calculated by use of Eq. 12 (23):

ET = pc3Quiaps (Tiiap.ou — Tiiap.in) (12)

where Qui,p is the blood flow through the dialysis
machine, Ty, is the ingoing blood temperature in
the arterial line, and 7 ios0u is the outgoing tempera-
ture of the blood in the venous line. Because the
ultrafiltration rate (UFR) is small compared with
Quiap, Wwe neglect the heat that is removed by UF (24).
In the original model, arterial blood exchanges heat
with the surrounding tissues by convection in the
capillary beds only. The venous blood collects in the
major veins and is rewarmed by heat from the adja-
cent arteries as it flows back to the central blood
pool. It mixes with blood from all elements to
produce the new central blood pool temperature. In
the modified TP model with HD heat exchange, a
part of the CO equal to Qua» With temperature Ty-
abour 18 assumed to mix with blood coming from all
other body parts before it flows back to the central
blood pool. Taigpeu is lowered by the control model
when T}, exceeds its baseline value. This concept
allows the incorporation of the heat exchange by the
HD equipment.

CV model

In order to analyze the CV response to hypov-
olemia, Cavalcanti and Di Marco (25) developed a
mathematical model to simulate arterial blood pres-
sure changes induced by HD + UF. Changes in HR
and BV reduction obtained by measurements were
used as model inputs. They proposed a physiologi-
cally based procedure that is able to reproduce
patient-specific measurement data during HD ses-
sions (CO, TPR, and change in unstressed venous

volume) by fitting three patient-dependent sensitivity
variables (K., K, and K,) with an iteration
algorithm. In this model, the CV system is described
by Guyton et al.’s classical models (9) based on the
Windkessel theory by Otto Frank (26). The systemic
circulation is lumped in a few compartments to
itemize only the most relevant circulatory districts. To
mimic the main short time pressure regulatory
mechanisms, the model includes Starling’s law, ino-
tropic heart regulation, and baroreflex control of
resistance and capacitance vessels. When the CV
system is stressed by the loss of circulatory BV, as
occurs during HD + UF, venous capacity can actively
be constricted. This mechanism compensates for
changes in circulatory BV due to an increase in vaso-
motor tone (27). In particular, splanchnic and cuta-
neous vessels have a variable blood storage function.
Increased TPR during hypovolemia raises pressure in
the arterial circulation. When BV declines, a rise in
HR can also compensate for a drop in arterial
pressure.

As the heart fills with less blood than usual, the
force of cardiac muscular contractions decreases. This
is a result of a decrease in the load experienced by the
heart muscle fiber due to the lower amount of blood
entering the heart. Changes in inotropic heart activity
produce considerable changes in stroke volume,
which is known as the Frank-Starling effect. This
effect is predominantly responsible for the decrease
in CO during HD + UF.

The current CV model is based on this model pro-
posed by Cavalcanti and Di Marco (25) where it
has been extended with additional temperature-
dependent resistances for the cutaneous and arteri-
ole circulation. By means of this concept, thermal
effects on the CV system are incorporated. A patient-
specific compartment has been added for the arterio-
venous fistula (Fig. 3). The original iterative character
is adapted by assuming the three patient-dependent
variables in advance to achieve a predictive model
behavior.

Cardiac pump

Because the hemodynamic response under study
involves much slower dynamics than the HR period,
the pulsating nature of the cardiac pump can be
averaged out and the heart can be modeled as a con-
tinuous pump. Then, the CV model’s CO Q. is
expressed by relationship 13 (27):

Qco,cv = Qsat |:1 - exp(_M)}

Pran (13)

Artif Organs, Vol. 36, No. 9, 2012
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Arterial

Resistance vessels R

FIG. 3. Hydraulic equivalent of the CV model. The heart with HR
is represented by a single compartment (right atrium) continuous
pump. The compliances are depicted by C; (with i = arterial [a],
microcirculatory [m], skin [sk], fistula [f], venous [v], or right atrium
[ra]), the resistances by R, and the pressures in each compart-
ment by p,. Only the shaded elements are affected by regulation
mechanisms.

in which Q,, is the saturation level, p,, is the right
atrial pressure, p, is the pressure for null CO (no
flow through the heart), and p,. is a sensitivity
parameter that determines the sensitivity of CO to
right atrial pressure (27). The inotropic effect of the
heart is taken into account by a sigmoid function of
the HR, which modulates the saturation level (Qsa)
of the cardiac curve (27):

Qsar = Om [1 +3K,, tanh(z%ﬂ (14)

in which Q,, is the maximum CO at the beginning of
the simulation, fis the current HR, and f. is the HR at
the beginning of the dialysis. K., represents the sen-
sitivity parameter of HR to Q.. By using these two
expressions, a proper fit on dynamic physiological
heart curve data is accomplished.

Systemic circulation

The model as shown in Fig. 3 shows an anatomical
analogy with the blood flow from the heart to the
aorta, which branches in several medium-sized arter-
ies and in thermo-sensitive arterioles with variable
resistance R,. Compartments in parallel arrangement
represent the resistance vessels. They account for the

Artif Organs, Vol. 36, No. 9, 2012

systemic capillaries in the cutaneous and splanchnic
region, whereas the fistula can be considered as a
bypass of the latter. Venous circulation starts with the
venules and medium-sized veins from where the
blood ultimately discharges into the inferior vena
cava.

The mathematical circulatory system model con-
sists of six compartments, respectively: right atrium
(ra), arterial (a), microcirculatory (m), skin (sk),
fistula (f), and venous (v). Each compartment is
modeled as an elastic chamber with a specific volume
and compliance C; to account for the capacitive prop-
erties of the circulation. Blood can flow in or out of
these compartments through hydraulic resistances.
Shaded elements in the figure indicate time varying
quantities under regulation. In general, each com-
partment of the CV system can be described by its
resistance to flow R;, defined by the relation:

_ A
0= (15)

where Ap; is the pressure drop between the two com-
partments and Q; is the flow through the resistance
R;, which links them. The system of ordinary differ-
ential equations describing the CV model dynamics is
obtained by applying the law of mass conservation:

d‘/a _ DPa— DPm
dt - QL’O,CV Req (16)
d(Vm+Vsk+Vf):pa—pm_pm—Pv (17)
dt Req Rv
d‘/m _ Dv— Dra
& - R, Ocoev (18)

In this set of equations, Qv is the CV model’s CO
described by Eq. 13. V; represents the compartment
volume, R; is the resistance, and p; is the pressure.
Due to the parallel arrangement of the microcircula-
tory, fistula, and skin compartments, the pressures in
there are equal. Before solving the system, R,, is cal-
culated as the equivalent resistance between the arte-
rial and parallel chambers:

-1
R, =R, + Lttt (19)
Rm Rsk Rf

Model equations were solved numerically using
the one-step Adams—Bashforth method with con-
stant time step. For each compartment, pressure is
calculated by:
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pi= % withi=a,eq,v,rafor V2V, (20)

i

in which Vj, is the unstressed volume of compartment
i. Arterial pressure (p,) was in accordance with other
studies (1,25,27) considered as mean arterial pressure
(MAP).

Baroreflex control

The compensatory mechanisms are initiated by
two types of receptors: one by cardiopulmonary
baroreceptors located in the atria and the main pul-
monary veins, the other by arterial baroreceptors
located in the aortic arch and carotid sinus. In case of
low blood pressure, the cardiopulmonary and arterial
baroreceptors discharge leads to the generation of
efferent signals, affecting the CV system parameters
(i.e., HR and contractility, microcirculatory resistance
R, skin resistance Ry, and unstressed venous volume
Vi) (1). Variations of p, and p,, are compared with
the values at the beginning of the treatment to
actuate the static vasomotor tone 0,, as shown in
Eq. 21:

9, = (1_Kaff)u+(1+1<aﬁ)M 1)

ae pme

where p.. and p,. indicate arterial and atrial pressure
at the beginning of the dialysis, when the CV system
is in equilibrium. By changing the model parameter
K. from —1 to 1, a different relative weight can be
assigned to the afferents. When K,¢1s equal to —1, the
cardiopulmonary afferent is completely inhibited and
the control is executed by the arterial side only. When
K. 1s equal to 0, the afferents are exactly balanced.
The typical baroreflex control dynamics are modeled
with a first order filter (Eq.22) where 7 is a time
constant (10 s).
de, 1

T T(Gs—ed) (22)

Efferent regulations were modeled by sigmoid
functions suitable for obtaining linear behavior for
small pressure perturbations and the typical satura-
tion effects for large perturbations (27):

R,=R,.[1-K,tanh(26,)] (23)
Vi = Ve [1+ K, tanh (26,)] (24)
With V... and R,,., the unstressed venous volume

and the microcirculatory resistance at the beginning
of the dialysis when 6, equals 0. The balance param-

Blood pool .

SBF

FIG. 4. Schematic interaction between both models. Barorecep-
tor pressure signals as function of right atrial pressure (p.,) and
arterial pressure (p,) are transferred by vasomotor tone 64 to the
TP model where they alter the vasoconstriction (Cs) function.
Body temperature-dependent SBF predicted by the TP model is
used to adjust skin resistance (Rs) and arteriole resistance (R,).
Heat withdrawal and blood flow through the HD machine is indi-
cated by the zigzag line.

eter K, of the afferent pathways and the gains K, and
K, express the efficiency in the overall regulation of
vasoconstriction. The values of K.y, K,, and K, were
chosen to best fit mean experimental data from van
der Sande et al. (5). At last, new values for V,, and R,
for the next time step are obtained.

COUPLING OF CV AND TP MODEL

CV reactivity closely depends on changes in
thermal state of the body and vice versa.
Hypovolemic-induced cutaneous vasoconstriction in
the TP model is achieved by incorporation of barore-
ceptor signals from the atrial and arterial compart-
ment (Fig. 4). These signals are translated to dynamic
vasomotor tone 6, In the CV model, thermo-
sensitive resistances have been added. Cutaneous
resistance (Ry) and arteriole resistance (R,) are
forced to vary with total SBF predicted by the TP
model. Hence, blood pressure changes can be pre-
dicted as a consequence of alterations in hypothala-
mus temperature (7},). Heat withdrawal and blood
flow through the dialysis machine is visualized by the
zigzag line between the blood pool and the right
lower arm (Fig. 4).

Thermal to CV

Heat transfer to the skin by the blood is con-
trolled by the degree of vasoconstriction of the arte-
rioles and the arteriovenous anastomoses that
supply blood to the venous plexus of the skin. Con-
striction of these vessels effects TPR and thereby
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MAP. Modeling this mechanism is achieved by
adding two additional body temperature-dependent
resistances Ry (AT, and ATy) and R,(ATw, and ATy)
to the original Cavalcanti model (1) (Fig.3). Ry
represents resistance to flow through the sys-
temic cutaneous circulation and R, is the arteriole
resistance at the end of the aorta. Because they
are closely related in cutaneous blood flow
regulation, R, is assumed to vary linearly with
Ry as a first assumption: R,=@Ry where ¢
is introduced as proportionality factor. During
HD + UF, CO can decrease up to 40% (5). This
phenomenon is incorporated in the cardiac curve
of the CV model, in contrast to the TP model
where constant CO is assumed. For this reason, skin
blood flow from the TP model is scaled to the CO
predicted by the CV model on each timestep.
Hence, an underlying assumption in here is that
SBF reduction is linear proportional to the decrease
in CO in the course of the HD procedure. This
approach enables to translate changes in SBF in the
TP model to the CV model where the correspond-
ing resistance is calculated to fit the scaled SBF for
each time step:

_ (Qco,cv - st,cv)

Ruc= 11 (25)
sk.cv —t—
On, |:Rf R, }
in which the scaled skin blood flow is:
st,cv = st,tp (QQC::T,]?O ) (26)

In this equation, Q. is the current CO on
timestep ¢ and Qcoe0 is the CO at the beginning of the
dialysis when the CV system is in stationary state, the
ratio between them can be considered as a scale
factor. Qg is the SBF simulated by the TP model for
a certain thermal state of the body.

CV to thermal

In hypovolemic state, reflexes from baroreceptors
stimulate the vasoconstrictor system throughout the
body including blood vessels in the cutaneous circu-
lation (28). Figure 5 shows how static vasomotor tone
0, is transformed to typical dynamic vasomotor tone
0. by a low pass filter. Sigmoid functions account for
change in unstressed venous volume, microcircula-
tory resistance, and the vasoconstriction as function
of 0,. To incorporate hypovolemic-induced cutaneous
vasoconstriction, an adaption has been made on the
Cs function in the TP model:
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FIG. 5. Static vasomotor tone signal (6s) is translated via a low
pass filter into dynamic vasomotor tone (64) that incorporates the
typical dynamics of vasomotor regulation. Thereafter, unstressed
volume, microcirculatory resistance, and the vasoconstriction
function (Cs) are adapted. Dark gray frame: CV model; gray
frame: TP model.

Cs =35[tanh (0.34AT ,, +1.07)— 1]ATy.]

+3.9ATy . %+Km tanh(o0,) (27)

The sigmoid function on the right-hand side of
Eq. 27 has been added to Eq. 10. This concept allows
forcing the forearm SBF to change in accordance
with mean experimental data (22) during thermoneu-
tral HD + UF, where the factor K. determines the
saturation level and o is the gradient of the curve.
Hence, these coefficients determine indirectly the
amount of hypovolemic-induced SBF reduction
during treatment.

Initial and parameter value assignment

To accomplish a physiologically realistic numerical
simulation, a strategy for assigning values to model
parameters was established. All parameter values
were verified to correspond with physiological data.
For the CV model, constants are based on Cavani
et al. (27); for data values regarding the TP model a
reference is made to Severens (10). Heart curve,
initial mean arterial pressure (MAP,), and baroreflex
control parameters were assigned a priori. HR data
and the decline in BV during treatment were used as
model inputs. Decay in total BV was prescribed lin-
early which, according to experimental evidence,
turns out to be a reasonable assumption (29). HR was
assumed constant in time because mean experimen-
tal data show a comparable trend (22). As a starting
point, heart curve parameters in Eq. 13 were identi-
fied to obtain the best fit on cardiac curves
from physiological data (5,19). Furthermore, the
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TABLE 1. Initial blood volume (V;) percentage
distribution, resistance values (R;), and compliance values

(C)

Compartmenti  V; (%) R, (mmHgs/mL) C; (mL/mm Hg)
Arterial 18 0.16 1.0
Microcirculatory 4 0.6 9.2
Venous 59 0.22 20.6
Atrial 13 0.09 33.1

Skin 6 9.0 9.2
Fistula 0 3.6 0.01

percentage of distribution between the six
compartments as well as compliance values C;
were determined in accordance with human
physiological data similar to those used in previous
studies (25) (Table 1). Total circulatory BV was esti-
mated with respect to patient body weight (52 mL/
kg) (25).

Unstressed volume of the arterial compartment
V.. originates from the initial arterial pressure pg.
and Eq. 20. Unstressed volume in the microcircula-
tory compartment V,,, was 4.5 mL/kg body weight
(25). The unstressed volume of the right atrium V.,
was calculated with use of Eq. 20 by substituting the
right atrial pressure when the CV system is in equi-
librium at the beginning of the dialysis when venous
return equals CO. Volume of the fistula V; was
assumed to be very small compared with the total
BV (V.. and was therefore neglected. Compliance
of the fistula C; was assumed to be close to zero
because the vessel’s wall becomes very stiff as the
fistula matures. To estimate cutaneous compliance,
the same value was taken as for the microcircula-
tion. Finally, values for resistances R; with i =eq, v,
ra were obtained by imposing the equilibrium con-
dition of the model at the beginning of the dialysis.
R was chosen to fit a typical fistula flow (1.0 L/min).
The initial value for cutaneous resistance R is
calculated to fit basal SBF predicted by the TP
model for a person in thermal neutral condition
when the CV system is in stationary state. Experi-
mental data (30) of thermal-induced blood pressure
changes were used to determine proportionality
factor ¢ by fitting this coefficient on the amplitude
of MAP. The three baroreflex control parameters
were selected to best fit the mean dialysis data for
stable subjects obtained from van der Sande et al.
(22). Distribution coefficients a., and a4 of all body
parts were assumed to be the same as in Fiala
et al.’s study (12), implying that hypovolemic cuta-
neous vasoconstriction over all body parts is
assumed to react the same as in case of thermal-
induced vasoconstriction.

The combined CV-TP model was implemented in
Matlab.

THERMAL-INDUCED BLOOD PRESSURE
CHANGES (EVALUATION 1)

To evaluate the CV model with thermal effects,
experimental datasets obtained in a climate tent
setup (30) are compared with simulated blood pres-
sure in response to heating and cooling. The subgroup
of elderly was chosen because they best reflect the
HD population group. The main objective is evaluat-
ing the CV model toward predicting blood pressure
changes caused by heating and cooling. The fistula is
omitted in the simulations because experimental data
are obtained from healthy subjects, hence Ry — eo.

As initial conditions, we use the thermo-neutral
state, because the test protocol for healthy volunteers
is designed such that they were in thermo neutral
situation at the start (30). For the simulations, we
used the body characteristics of an average man: a
height of 1.71 m, body mass of 73.5 kg, body fat per-
centage of 14.4%, and metabolic rate of 87.1W (21).

Materials and methods

Twelve healthy elderly men volunteers partici-
pated in the study as described in Kingma et al.’s
study (30). Two were rejected because an incom-
plete dataset was obtained. Ultimately, 10 subjects
(age =70.9 = 4.2 year) were included. They stayed in
a climate tent (CAT-430 Colorado Altitude Training,
Louisville, CO, USA) for 3.5h in supine position.
Air temperature was controlled by means of two air
heaters and one air conditioner unit. Blood pressure
was measured every 10 min with a digital sphygmo-
manometer with automatic inflation (Cresta, Taipei,
Taiwan). Subjects were exposed to temperature pro-
tocols P1 and P2 (Fig. 6). During tests subjects were
dressed in briefs only (0.04 clo). The study protocol
was approved by Maastricht University Medical
Ethical Committee, and an informed consent was
given by the subjects. For a more detailed description
of these experiments, a reference is made to Kingma
et al. (30).

Results

Protocols P1 and P2 were simulated by the com-
bined TP-CV model based on measured environ-
mental conditions (ambient air temperature, wall
temperature, airspeed, and relative humidity).
Because the MAP at the beginning of the measure-
ments (MAP,) was different for each subject, MAP
was normalized for this initial value. Results for
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simulated MAP are presented in Fig. 6. Measure-
ment data points (*standard deviation [SD]) are
plotted in the same graph as well.

In protocol P1, MAP remains constant in the first
30 min because the subject is in thermal neutral state.
Ambient air temperature decreases to 20°C over a
15-min period after which blood pressure rises as a
consequence of vasoconstriction. The gradient of
MAP is highly dependent on arterial compliance
where a low compliance is characteristic for a steep
gradient. MAP keeps on rising for the next 60 min
with a lower gradient because skin blood flow
approaches its minimal value. When ambient air tem-
perature is changed to 35°C, less vasoconstriction is
observed, resulting in a decreased MAP. The active
increase in skin volume (V) observed in heated sub-
jects (18) is neglected in the model, which can possi-
bly explain the delayed simulated fall in MAP. At
t =150 min, ambient air temperature is just declining
to 30°C where vasoconstriction causes the blood
pressure to increase.
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The second protocol (P2) is equal to P1 in the first
30 min. In the next stage of the experiment, air tem-
perature is set to 35°C. In this period, sweating is
observed, whereby skin temperature is restrained to
rise excessively; this explains the minor change in
MAP over this period. Blood pressure increases
again due to vasoconstriction when ambient air tem-
perature falls to 20°C and declines again in the 30°C
phase to a value above baseline.

HD COMBINED WITH UF (EVALUATION 2)

The TP-CV model can ultimately be applied to
HD + UF while accounting for thermal and hypo-
volemic effects on the CV system. Simulations and
measurements were done for thermoneutral dialysis
where no energy is transferred from patient to
extracorporeal circuit (ET=0) as well as for iso-
thermal dialysis in which core temperature is kept
constant (AT, =0) by adjusting the blood tempera-
ture in the venous line. In the simulations, it was
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FIG. 7. Model input versus experimental data. Solid lines correspond to model simulations. Linear decrease in RBV for both sessions
(=20% in 300 min) are indicated by the dashed gray—dark gray line (a). Constant heart rate (HR) input for both sessions is indicated by
the dashed gray—dark gray line (b). Experimental data plots (mean = SD) were obtained from van der Sande et al. (22). Dark gray error
bars illustrate thermoneutral dialysis; gray error bars represent isothermal dialysis. Horizontal error bars illustrate the time variation
between the measurement points. For clarity, only one side of the error bar is visualized.

assumed that the patients were initially in a thermo-
neutral state, because they are feeling thermal com-
fortable at the beginning of the dialyses. In the
model, a “standard man” was used, and the follow-
ing clothing was taken into account: socks (0.02 clo),
briefs (0.04 clo), trousers (0.28 clo), and a sweater
(0.37 clo). The insulation by a duvet (0.5 clo) was
modeled as well.

Materials and methods

Data were received from a previous published
study in which 13 stable patients (age 55.23 = 13.5
years) on chronic intermittent HD were studied
(22). High-efficiency HD was delivered by volumet-
ric machines (A2008H; Fresenius Medical Care,
Walnut Creek, CA, USA) and polysulfone dialyzers
(F8 and F80; Fresenius Medical Care) using ultra-
pure bicarbonate dialysate (Diasafe; Fresenius
Medical Care). Blood flow was 400 mL/min, and
dialysate flow was 800 mL/min. Arterial and venous
blood line temperatures, core temperature, and ET
between the extracorporeal circuit and the patient
were monitored noninvasively by a blood tem-
perature monitor (Fresenius Medical Care, Bad
Homburg, Germany). Changes in BV were moni-
tored continuously and noninvasively with the Fre-
senius BV monitor (Fresenius Medical Care). All
patients gave informed consent to participate in this
study, which was approved by the Beth Israel
Medical Center Institutional Review Board (New
York). The ambient air temperature was 23°C and
relative humidity 40% for the mathematical model.
Assumptions have been made on input values for
wall temperature (23°C), airspeed (0.05 m/s), and
initial shunt flow (1.0 L/min) because measurement
data were lacking.

Results

Figure 7a,b shows the model input. In Fig. 8a—f,
final results for circulatory and thermal response of
isothermal versus thermoneutral HD + UF are
presented. Dark gray lines indicate thermoneutral
dialysis where no ET between patient and extracor-
poreal circuit takes place (ET =0). Gray lines repre-
sent isothermal dialysis ATy, = 0. Experimental data
plots (mean = SD) obtained from van der Sande
et al. (22) are plotted in the corresponding graph. For
clarity, only one side of the error bar is visualized.
Measurements were performed at the beginning,
halfway, and at the end of the HD treatment. Hori-
zontal error bars indicate the time variation between
the measurement points.

Based on experimental data (29), BV is set to
decline linearly by 20% in a 5-h timeframe for both
sessions (Fig. 7a). HR was assumed to be constant in
time because the same trend in mean experimental
data was observed (22) (Fig. 7b). During thermoneu-
tral dialysis, simulated core temperature difference
was predicted to be 0.23°C versus 0.32 = 0.41°C after
200 min by measurements (Fig. 8a). Oscillations in
the gray line (Fig. 8a) originate from the dialysate
temperature control model. Simulated skin tempera-
ture (7) of the anterior side of the forearm (Fig. 8b)
shows a reduction in both sessions (A7 =-0.52°C
for ET =0 and ATy =-1.84°C for ATy, = 0).The slope
discontinuity in skin temperature just after 100 min
during the thermoneutral session was caused by mod-
erate sweating activated by the increase in core
temperature. In the case of isothermal HD + UF, core
temperature is kept constant by controlling the extra-
corporeal blood temperature. Model calculations
showed that an average rate of —8.7 W was trans-
ferred to keep core temperature constant. In clinical
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practice, mean-measured ET rate was -17 W £ 6 W
including heat removal by the ultrafiltrate (24). This
effect was neglected in our calculation because the
UFR was small compared with the total blood flow
through the dialysis machine. ET was set to be zero
for thermoneutral dialysis in the model, despite the
same setting in the clinical situation change in ET
was —2.6 = 7.6 W (Fig. 8c). Absolute values for TPR
are in the same order as measured as well as the rate
of change. Although a clear difference in TPR, end
value is simulated between AT, =0 and ET=0
(ATPR =0.23 mm Hg s/mL™). No significant differ-
ence can be found in the experimental data (P=
0.294) (Fig. 8d). A rise in TPR lowers pressure in the
right atrium and results in a decrease in CO in the
course of the treatment. Prediction of CO in thermo-
neutral situation is close to mean experimental data
values (Fig. 8¢). Due to a higher TPR predicted by
the model in isothermal case, CO is lower over the
whole domain than measured in the isothermal case.
Experimental data in the A7), =0 procedure show
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higher values for CO than the model simulations
(6.27 = 1.4-45 += 1.1 L/min vs. 5.9-3.8 L/min after
200 min). Venous volume changed by —28% for simu-
lation with constant core temperature compared with
-29% without ET. All former variables finally deter-
mined MAP for which a normalized plot is presented
(Fig. 8f). While plasma water depletion occurs, over-
compensation of regulation mechanisms causes
blood pressure to rise slightly in the first 50 min. This
rise is important because in clinical practice, the rise
in blood pressure during fluid withdrawal is also
observed. This observation shows the model is able to
sense this paradoxal rise in blood pressure. Thereaf-
ter, a progressive fall in blood pressure is predicted.
Measurement data describe a large range of distribu-
tion for blood pressure response; mean average
values show a higher blood pressure in case core
temperature is kept constant, especially in the first
100 min. After 200 min, MAP has changed by
-8 * 9% during thermoneutral HD + UF where
simulation predicts —-7%. During isothermal
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treatment, MAP changed by —10 = 12% versus —4%
simulated after 200 min.

DISCUSSION

The model predicted CO, TPR, and MAP within
the range of measurements. Moreover, the simulated
trends show good agreement with experimental data.

The main challenge in modeling and validating
thermal effects during hypovolemia is the combined
effect of baroreceptors and thermoreceptors on
(skin) blood flow regulation. Reduction in CO and an
increase in TPR are responsible for alterations in
SBF. The exact way of blood flow redistribution in
these conditions remains uncertain. SBF is measured
in clinical practice with Laser-Doppler devices. These
measure relative changes in SBF locally, which makes
verifying variations in total SBF during HD very hard
to interpret. Moreover, useful measurement data in
this field is still lacking. Simulation for the climate
tent experiments showed that the model was able to
predict blood pressure changes for the heating and
cooling protocols in the range of measurement data.
An important observation was the good agreement
of the typical higher blood pressure end value com-
pared with baseline.

Total difference in core temperature over the treat-
ment period was slightly lower than predicted by the
model, suggesting that also other factors play a role
with respect to core temperature increase during
HD + UF. Moreover, mean experimental data show a
rise in lower arm skin temperature during ET =0,
which possibly indicates even more heat loss from the
skin to environment compared with the model. Note
that only thermal and CV effects caused by UF have
been modeled, hence no effects by the HD treatment
itself. Observations in clinical studies showed an
inexplicable increase in core temperature during
isovolemic HD (22). Furthermore, decrease in core
temperature was more distinct during isolated UF
compared with HD + UF for the same removed
energy (23).

In the model, less energy had to be removed com-
pared with experimental data to keep core tempera-
ture on baseline level. This can partly be explained by
neglecting the extracorporal, isothermic heat flow
caused by UF (24). Also, the calculation of the ET is
very sensitive to the (measured) blood temperature
difference over the dialysis machine: Eq. 12 shows
that an increase in this blood temperature difference
with 0.1°C and a flow Qui,» =410 mL/min causes an
increase in ET of 2.6W. Therefore, accurate measure-
ments of ingoing and outgoing blood temperatures
are important. Hypovolemic vasoconstriction prob-

ably is also partially involved in the initiating factors
behind the rise in core temperature during HD + UF
procedures. However, simulations showed that vaso-
constriction in itself, theoretically, can be responsible
for a substantial rise in core temperature (Fig. 8a). It
should be noted that hypovolemic-induced cutaneous
vasoconstriction is assumed to react equally on the
same skin areas as thermal-induced vasoconstriction
would do, although the exact response on SBF alter-
ations during hypovolemia is still under debate (31).
Due to the exploratory character of this research,
patient-dependent constants in the TP model were
chosen for a standard person. In the CV model, these
constants were obtained to correlate with mean values
of measurements while in clinical practice, each
patient reacts differently, which makes it difficult to
observe patient-specific thermal and CV trends in
simulated results. Both models have extensively been
validated separately (1,20). They have proven to cor-
relate well with experimental data for a wide range of
subjects. Because the model developed in this study
showed good agreement with mean measurement
data, future research should be focused on incorpora-
tion and validation of patient-specific characteristics.

No indications of sudden vasodilatation were
observed in the simulations executed. Because the
exact interaction between baro- and thermoreceptors
is not yet fully understood, a simulation was done for
the hypothetical scenario when a sudden increase
in SBF would occur due to sudden vasodilatation.
When total SBF was set to increase from 0.2 L/min
to 1 L/min after 260 min in a 20-min period, MAP
decreased by an additional 15% (Fig.9), which is
comparable with values observed in clinical practice.
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FIG. 9. Simulations showing the effect on MAP by an increase in
SBF from 0.2 L/min to 1 L/min after 260 min due to sudden
vasodilatation.
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If an increase in CO cannot compensate for the extra
need for SBF, dangerous hypotension can occur.

CONCLUSIONS

In this study, a mathematical model was developed
to examine thermal and circulatory effects during
HD + UF by coupling a TP model with a simple model
of the CV system. Simulation results of the combined
model have shown possibilities for predicting circula-
tory and thermal response during HD + UF. In the
long term, this model can help in clinical practice to
determine an ideal treatment protocol for each indi-
vidual patient to minimize complications. In addition,
the model can potentially be used for preventing IDH
in the course of HD. Evaluation of the coupled model
for blood pressure changes caused by variations in
ambient temperature offered promising results.

The primary hypothesis of this study was that
UF-induced vasoconstriction would result in a reduc-
tion of SBF, a decrease in surface heat loss, increase in
core temperature, rise in cutaneous blood flow, and
finally IDH. Indeed, when cutaneous vasoconstric-
tion was activated for a person with regular clothing
in a 23°C room, the model showed an increase in core
temperature of almost 0.3°C within 300 min. This
indicates that reduced heat loss from the skin due to
vasoconstriction per se can be responsible for a rise
in core temperature during HD in the same order as
measurements show. Simulation results revealed that
an increase in blood flow to the periphery lowers
blood pressure substantially but indications for
sudden onset of this increased blood flow were not
observed. In conclusion, this exploratory study has
led to a new simulation model for hypovolemic-
induced CV changes while accounting for thermal
effects in the course of HD + UF.
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APPENDIX

Model constants

TP model

Parameter Description Value Unit

Oles Sensitivity of baroreflex on Cs 0.5 —

BW Body weight 73 kg

b Specific heat of blood 3640 J/kg/K

Pb Density of blood 1052 kg/m?

k Tissue’s thermal conductivity 0.66 W/m/K

K Saturation baroreflex on Cs 180 —

n Stability factor 1/80 —

Qudia Blood flow through dialysis machine 400 mL/min

QO Van 't Hoff Q10 factor 2 —

Tair Air temperature 23 °C

Twan Wall temperature 23 °C

i Proportionality factor by Stolwijk 0.932 1/K

Vair Airspeed 0.05 m/s
N.B. Additional TP-model parameter values are registered in Severens et al. (10).

CV model

Parameter Description Value Unit

Ca Compliance of arterial circulation 1 mm Hg/mL

Cq Compliance of fistula circulation 0.01 mm Hg/mL

Cn Compliance of micro circulation 9.2 mm Hg/mL

Cs Compliance of skin circulation 9.2 mm Hg/mL

Cra Compliance of right atrium 33.12 mm Hg/mL

Cy Compliance of venous circulation 20.6 mm Hg/mL

f Heart rate 74 beats/min

fe Initial heart rate 74 beats/min

Kast Baroreceptor balance parameter —0.88 —

Keo Sensitivity parameter of heart rate 0.06 —

K, Regulation efficiency of V., 0.22 —

K: Regulation efficiency of R 0.5 —

) Proportionality factor for R, to Ry 1/56 —

Pac Initial mean arterial pressure 95 mm Hg

Pran Sensitivity of cardiac output to py, 1.8 mm Hg

Pras Pra for null cardiac output —0.64 mm Hg

Ry Fistula resistance 3.6 mm Hg s/mL

Rune Initial microcirculatory resistance 0.6 mm Hg s/mL

Rke Intial skin resistance 9.0 mm Hg s/mL

Ria Inflow resistance of right atrium 0.09 mm Hg s/mL

R, Resistance of venous circulation 0.22 mm Hg s/mL

T Baroreflex time constant 10 s

Viu Unstressed fistula volume 0 mL

Vinu Unstressed microcirculatory volume 60 mL

Viku Unstressed skin volume 40 mL

Viwe Initial unstressed venous volume 1700 mL

Viote Initial total blood volume 3807 mL

Onm Maximum cardiac output 154 mL/s
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