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T H E R M O P H Y S I C A L  M O D E L S  F O R  E V A L U A T I O N  O F  
T H E  A C T I V I T Y  O F  T H E  F U N C T I O N I N G  K I D N E Y  BY 
M E A N S  O F  I N F R A R E D  T H E R M O G R A P H Y  

V. L. Sigal and T. E. Shumakova UDC 536.2.072:612.014.424.5 

Methods  o /  biotherrnal modeling and analysts are used tc~ determine the possibility o/  evaluation o f  the 

therrnophysical parameters  o/  the func t lomng  kidney using infrared therrnography. It is shown that the 

induced local heattngfrorn the outrode enlarges the inftJrrnatton content of  medical  therrnography. It is shown 

that the rnam factor  that determines thermographlc vtsuahzam)n dmgnosttcs ts connected wtth the hh~od/low. 

An analysis makes  tt possible to interpret therrnographtc sttuattons /~r the ktdney m the normal  state and 

m the case' of  its parttcular pathologLv. 

Introduction. Modern devices and recent developments in diagnostic visualization in tile field of medical 

introscopy use the response of the living organism or its organs to multiple natural and artificial fields of various 

physical nature acting from the outside [1 ]. Evaluation of the physical parameters of these fields in connection with 

the measure of their safety for the human organism is a pressing problem [2]. Therefore, particular emphasis is 

placed upon visualization methods that are based on investigation of the natural radiation of a human and do not 

require an additional ray load [3]. These advantages are inherent in thermographic systems [4], ira particular, 

infrared (IR) systems, whose production range is being diversified and expanded [5, 6]. Meanwhile, numerical 

processing of sequences of IR thermograms is in the development stage, and diagnostic methods have not been 

substantiated and are virtually unrealized in the clinic [7 ]. 

The development of thermophysical models of particular organs working in various physiological regimes 

is of particular importance. It is necessary to investigate the possibilities of methods of IR thermography and their 

accuracy and to reveal diagnostically reliable situations. Despite the considerable number of works on IR 

thermography [7, 8 ], its models have been scarcedly considered [9 ]; however, in recent years they have received 

increasing attention. But even in most modern works [10] the authors neglect bloodflow, which in a number of 

investigations [11 ] is considered an indicator of the physiological status of the functioning organ. 

The kidneys are a part of the system that maintains the temperature homeostasis of the organism [12]. 

Inasmuch as the heat production of the kidney is extremely high [13 ], thermographic information on this organ 

should have a high information content. It is assumed that heat generation in the kidney takes place mainly as a 

result of metabolic processes. It appears that its bloodflow is proportional to the metabolism level [14 ]. Moreover, 

investigation of heat transfer processes in the kidney under normal conditions and in the case of pathology is 

complicated by the fact that metabolic processes in various tissues of the organ differ substantially both qualitively 

and quantitatively [5, 15 ]. This results in nonuniformitv of the temperature field within the organ. It is stated [9, 

13 ] that merely the calculation of these nonuniformities is at present an important physiological and mathematical 

problem. 

For the reasons outlined above, we made an attempt to develop and analyze thermophysical models of the 

kidney under various physiological conditions with and without pathology. 

Mathematical Statement of the Problem. Let us consider a model of a stat ionary regime of kidney 

functioning with regard for the effect of bloodflow and the process of production of metabolic heat in the heat 

transfer process in the kidney. The objective of this modeling is clarification of the conditions under which repre- 

sentation of various regimes of this organ is possible using methods of IR thermography. 
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For  s implici ty ,  we present  a spat ial  geometric  model of the k idney as a rec tangula r  para l le lep iped  with one 

of its s ide planes  projected onto the cor responding  skin surface. Taking  into account the complex thermal  ene rgy  

regime of k idney  t issue,  we will cons ider  the k idney a mul t i subs tance  organ each subs tance  of which is cha rac te r i zed  

by its own power of genera t ion  of metabolic  heat and bloodflow. In what follows we will cons ider  k idney  t issue as 

plane plates of finite thickness which can be produced by sect ioning the para l le lepiped in planes pe rpend icu la r  to 

its base.  Due to subs tan t i a l  morphological  and  functional  d i f ferences  in the cort ical ,  medul la ry ,  and  surface  

subs tances  of the k idney [5, 15 l, a th ree-subs tance  model of the organ is ana lyzed  in the article. For the geomet ry  

chosen ,  these  l ayers  a re  ad j acen t  flat plates  with th icknesses  a, b, a n d  c equal  to the t h i c k n e s s e s  of the  

cor responding  layers.  

For calculat ion of thermal  regimes we make use of the classical phenomenological  biothermal  equation [11, 

15 1, which takes into account regular i t ies  of heat t ransfer  ira biological tissue associated with the bloodflow and  the 

genera t ion  of metabolic heat. This  equation has been rcpeatedly  crit icized in the l i terature  [12 I, and the cri t icism 

is significant. However, an important advantage of the classical biothcrmal equation is that it is simpler than the 

probably more accurate recently published models [1(9, 17 I. This equation contains a smaller number of parameters 

characterizing properties of biological tissue. Just this circumstanse it makes it possible to reveal more clearly the 

physical essence of the phenomena under consideration. 

We resrtict ourselves to a one-dimensional model of the biological heat transfer processes being analyzed. 

Then the classical biothermal equation in dimensionless variables can be presented as follows: 

oO 020 :I ~ _ 
_ / ' c 9  'J"n2~e (1) 

.~2 

, ~  10; 11, r E 10; + ~ ) .  

Let us cons ider  the effect of factors that de te rmine  the thermal  regime of the functioning k idney on the 

possibi l i ty  of IR- the rmograph ic  visualizat ion of these s i tuat ions on its surface unde r  condi t ions of thei r  adequa te  

descr ipt ion by Eq. (1). It is known that the result  of measurement  by this method is a thermogram that is a 

two-dimens ional  map of the t empera tu re  dis t r ibut ion over the surface of the body.  It is evident  that  the one-  

d imens iona l  model  chosen here  makes  it possible to make a quali tative est imate of the charac te r  of the IR image 

from the numerical  value of the local skin tempera ture  (T s = 7'(1)).  We choose the origin on the bounda ry  of the 

renal  pelvis and  the medul la ry  substance.  In the chosen model we neglect the thermophysica l  proper t ies  of the skin 

and tissue ad jacent  to the kidney.  Therefore ,  the model appears  to be not quite adequa te  for biophysical  concepts 

on the t empera tu re  field of the human body recorded by IR devices. However, in es t imates  of the energy balance 

it should be taken into account that the skin layer  is ex t remely  thin. Therefore ,  skin bloodflow is likely to affect 

negligibly the skin tempera ture .  Exper imenta l ly ,  this can be subs tan t ia ted  by fixing the absence of changes  in the 

thermogram in the case of a b leeding scratch (created,  e.g., by a finger nail) ,  which points to an increase  in 

b loodf low [111. Al lowance for subcu taneous  t issue can con t r ibu te  subs t an t i a l l y  to the i n t e r p r e t a t i o n  of  IR 

the rmography  effects depend ing  on the thickness of the subcutaneous  fat and the fatty membrane  of the k idney 

[17], but this is not taken into account in the present  work. This ,  most likely, does not limit the practical value of 

the model ,  s ince  the v i ab i l i t y  of a k idney  s to red  for t r a n s p l a n t a t i o n  can be success fu l ly  moni tor~d  by IR 

the rmography  IS, 18 I, whose possibi l i t ies  in this case are by no means exhausted .  

Thus ,  we will seek the tempera ture  dis t r ibut ion in the chosen kidney model under  the following boundary  

condi t ions:  

0(3t = 0 ,  ~ 1 0 ; + ~ ) ;  (2) 

k 8 ~  = Bi (1 - |  
~=1 

(3) 

r ~  10;+ oo). 
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Fig. 1. Temperature distr ibut ion in renal tissue at h = 14 W/m2.~  Q~) = 

0.17 W/kg (t = 1,3 and various blood perfusion rates w t (m l / g -m in ) ,  t = 

1,3 in the normal state and in Ihe case of pathology: 1) 2.00, 2.00, 2.00 

(constant bloodflow); 2) 0.4, 2.0, 1.0 (normal blood perfusion); 3) 0.32, 1.60, 

0.80 (ischemia); 4) 2.00, 1.20, 0.40 (acute tubular necrosis). T, ~ x, m. 

Fig. 2. q4emperature distr ibut ion in renal tissue for various blood perfusion 

rates in the medul lary substance at h = 14 W/m2.~  QI)= 0.17 W/kg (l = 1,3), 

w I --- 2.00 ml /g .min ,  w 3 = 0.32 ml /g .min  and the values of w;: (ml /g .min) :  

1) 4.00; 2) 2.00; 3) 0.80; 4) 0.40; 5, 0.20. 

Boundary condition (2) determines the natural condition of adiabaticity on the boundary between the renal 

pelvis and the medullary substance, and (3) determines  the convective heat exchange with the external medium 

according to the Newton law. The latter is characterized by the total heat transfer coefficient h [19 ]. The  initial 

temperature distribution is assumed to be given. 

From the viewpoint of practical diagnostics it is important to find out to which extent the values of fl(~) 

and Q(~) (depending on the bloodflow in various kidney tissues) provide reliable monitoring of their changes in 

terms of the quantities T s measured by IR thermographs. 

Let us consider the problem stated for stationary conditions. We assume that the parameters Q0 and w vary 
discretely. 

The problem for the three-substance kidney model is reduced to the following system of equations with 

d~Oi 

boundary conditions 

d~2 - fl~Oi = fl~Q,, ~ ~ 1:,, ~:,+, ], , = i, 3 (4) 

dOI ~=o 

O,[:=~i=Oi+ zl~=~i, i = 2 , 3 ;  (6) 

O0 i ;)Oi+ 1 
= , i = 2 ,  3 ;  ( 7 )  

a| 3 
k3 O-- ~ :=: = Bi( l  - e)l:=l.  (8) 
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Fig. 3. Temperature d is l r ibut ion in renal tissue in the case of forced heating 

al various blood perfusion ralcs in the corl ical substance at h = 279 W/m"."C, 
w 3 = 0.32 m l / g . m i n ,  Q~ = I00 W/kg (l = 1,3), b loodf low in the medul lary  

substancew 2 =0 .40  m l / g . m i n  (a) and w 2= 1 . 2 0 m l / g . m i n  for various values 

of w I (m l /g -m in ) "  1) 0.80; 2) 1.80; 3) 2.00; 4) 4.00. 

Let us consider a kidney, for which the thicknesses of the cortical, medul lary ,  and surface substances a = h = 0.009 

m, and c = 0.002 m, respectively. The thermophysical  parameters of the renal tissues and blood are as fol lows [9, 

15, 18]: c % 1480J /kg  ~ = , = = = , P = P b  1000kg /m 3. In addition we used the following data: k 0.627 W / m ~  

T a = 37~ and T~, = 20~ 

Results and Discussion, We obtained numerical solutions of the problem (4)-(8).  Graphical representat ions 

of some of them are presented in Figs. 1-3. 

The  corresponding values of bloodflow in the cortical, medullary,  and surface substances were taken into 

account in various bloodflow regimes in the normal state and in the case of pathology [15, 18 ]. Changes in Ts (Fig. 

1) in these cases vary from 0.2 to 0.6~ i.e., within the limits of the resolution of IR thermographs. Therefore,  we 

can slate that in the case of the renal pathologies specified, their diagnosis by means of static thermography is 

possible. 

It appears thal at fixed Q~ (i = 1,3) corresponding to processes of generation of metabolic heat in biological 

tissue and w i (z = 1,3), variations in w 2 within as little as one order of magnitude can lead Io an increase in T s by 

AT s = 0.4~ (Fig. 2). 

With an increase in the intensi ty of convective heat transfer at the t i s s u e - e n v i r o n m e n t  interface, the 

corresponding temperatures T s increase, reaching AT s ~ I . I~  at h = 72 W/m2.~  It is evident that theoretically 

obtained values AT s in these cases indicate possibilities of revealing by means of IR lhermography anomalies  in 

the physiological regimes of the kidney connected with changes in bloodflow in the medullary substance alone. The 

approach developed in this work and the clear possibility of obtaining analytical expressions make it possible to 

propose and calculate thermal criteria for identification of particular disorders as functions of h with controlled heat 

exchange. 

However, diagnosis of pathological states in the cortical substance associated with the bloodflow within the 

substance seems to be questionable,  since the registered AT s values are beyond the resolution limits of high-speed 

IR thermographic devices. 

It was found that the temperature distr ibution over the kidney cross-section depends only slightly on the 

values of the metabolic heat (Q[~ (i = 1,3) is of the order of 103 W / m  3 118 1) generated in the organ. Inasmuch as 

the classical biothermal equation obviously does not take into account the interaction between heat generat ion and 

bloodflow, the conclusion obtained should be treated with caution. 

Considera t ion in (4) of Q6 (~ = 1,--3) instead of Qi as the power of a source of forced heating of biological 

tissue from oulside (e.g., by active thermography 15, 20 1, local hyper thermy,  and  thermotherapy 116 ], etc.) is of 
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Fig. 4. Dependence  of changes of the s t eady-s t a t e  tempera ture  AT s on fixed 

changes in bloodflow in the s ingle-subs tance  model al h = 279 W / m  2 ~ (`20 
= 0.17 W/kg ,  and various values of w l m l / g . m i n ) :  1) 0.20; 2) 0.30; 3) 0.40; 

4) 0.50; 5i 0.80. Aw, sec - I  

practical interest .  The la t ter  is connected with the important  but still unsolved problem of noninvasive measurement  

of t empera ture  d is t r ibut ions  and their  monitoring in the biological tissue of the k idney or o ther  organ by means 

of, e.g., IR visualization under  condit ions of controlled heat ing used as therapy,. 

Figure 3 i l lustrates the tempera ture  dis t r ibut ion in renal tissue under  condit ions of forced heat ing.  In the 

calcula t iens  we assumed  that an ex te rna l  source of heat  was present  that provided,  in o rde r  to s impl i fy  the 

calculations and reveal biophysical  regulari t ies ,  a uniform heat production power in all renal  tissue. It is impor tant  

(Fig. 3a) that under  condit ions of forced local heal ing a change inthe physiological regime, e.g., bloodflow, in the 

cortical subs tance  of the k idney can be rel iably detected by methods  of IR the rmography  ( cf. Fig. 3b). However,  

it should be noted that the results  obta ined are  consequences of the analys is  of models  based  on the classical 

biothermal  equation and do not take into account processes of thermoregula t ion of the organism.  Unde r  condi t ions  

of local cons idera t ion ,  the correctness  of the classical biological heat  t rasfer  equation can be d e m o n s t r a t e d  in a 

number  of cases [16 1. 

Thus,  we have shown that the use of external  heat ing increases the information content  of IR the rmography  

da t a  on t h e r m a l  p rocesses  in b io t i s sues .  In prac t ice ,  this fact s u b s t a n t i a t e s  the new m e t h o d  of act ive IR 

the rmography  [5, 20 1. 

In this connection it is of definite interest  to de te rmine  possible changes in t empera ture  ~* as a function 

of fixed changes in bloodflow (~w) and the power of the source of melabolic heat (AQ0) at preset  values of Wst and 

Qs~ character iz ing the s t eady-s t a t e  thermophysical  regime of k idney operat ion with d imens ionless  t empera tu re  Osv 

This  problem is in some sense a l imiting case of dynamic  thermography ,  since it reveals t empera tu re  d is t r ibut ions  

in renal t issue at t, r ---'- + oo. 

For a s ingle-subs tance  model the s ta t ionary problem is reduced to solution of (1)-(3)  with 

O = O (~,,8, (̀ 22) = Os~(~) + AO (~,./3, (`2), ~ E [0; 1 l ;  

f12 = f12 ( ~ )  = qdst + Aft)2 (~ = O (&O) = (2sl + &(2 

We found an analyt ica l  solution of this problem; from this solution, we obta ined  the following express ion 

for the tempera ture  change AT: 

a T  = a T  (~, fl, Q) = r  (~, fl, Q) - rs ,  (~, &,,  G , )  = l &  ' 

k 

• (1 + Q) (T a - Too) Bi ,  

ch&~ 
sh/Ss, + Bi ch fls, 

~ e  [0; 11. 

ch/J~ ] 
/Sshfl + Bich/5 X 

(9) 
Several calculat ions for ATs (9) at ~ = 1 are presented  in Fig. 4. They  demons t r a t e  the possibi l i ty  of 

de t e rmina t ion  of values of a new s t eady - s t a t e  t empera tu re  de tec ted  and resolved by IR the rmographs  in the 

dynamic  regime for par t icular  parameters  of the model. 
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Thus, the theoretical analysis carried out in the paper makes it possible (on a somewhat limited scale) to 

investigate the possibilities of diagnostic IR visualization in determination of regimes of nonstationary bloodflow in 

renal tissue in hyperthermy and thermotherapy. The results obtained show the fundamental validity of applications 

of IR thermography methods in the diagnosis of physiological states of the kidney. 

The worl~ was supported by the Statc Committee of Ukraine on Problems of Science and Technology. 

N O T A T I O N  

T, T a, and T~, temperatures of tissue, arterial blood, and environment, respectively; c and cb, specific heat 

of renal tissue and blood, respectively; k, specific thermal conductivity of tissue; p and Pb, densities of tissue and 

blood, respectively; w, blood per~usion rate; (20, power of heat source in tissue ensuring its temperature regime 

under normal conditions, in the case of pathology 19 1, and with forced heating from the outside in hyperthermy 

and regulated thermal therapy [16 ]; Bi = hL/k,  dimensionless Blot number; T s surface temperature; O = @(~, 
r) (Ta T)/(T~ T:~); ~ x /L;  L a + /, + c; ~ kt/L2oc; p2 , ,  ' = i < . . . . .  P " ( ~ )  = L%'l,t'I, pW{~).~k; (.2 = Q ( ~ ,  r )  = 

Qo(r r)P//32k(ra - T ~ ) ;  ~1 = 0,  .~2 = a/L ;  ~3 = (a + h ) .L ;  ~4 = I ;  |  = O ( ~ ,  f ist, Qs, ) ;  g E 10; i I; ~ = N J ( A w )  
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