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(57) ABSTRACT

The present invention provides a method and device capable
of measuring body fat accurately in a simple manner and at a
low cost. The method comprises a measuring process
(ST200) where a distribution of skin surface temperature of
the subject is measured; a first operation process (ST210)
where temperature gradient on the skin surface is evaluated
from the measured skin temperature; a second operation pro-
cess (ST230) where a skin temperature distribution is calcu-
lated by conducting a numerical heat conduction analysis on
aprearranged sample body composition with the temperature
gradient imposed as the boundary condition; a comparing
process (ST240) where the skin temperature distributions
obtained in the measuring and second operation processes are
compared; and a modification process (ST260) where the
body composition of the sample is modified if the two skin
temperature distributions disagree in the comparing process.

A61B 5/00 (2006.01) The second operation and modification processes are
A61B 5/107 (2006.01) executed repeatedly until the two skin temperature distribu-
A61B 5/01 (2006.01) tions become sufficiently close.
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METHOD AND APPARATUS FOR
MEASUREMENT OF BODY FAT ON
ABDOMINAL CROSS SECTION INCLUDING
UMBILICUS

INCORPORATION BY REFERENCE

[0001] This application is based upon and claims the ben-
efit of priority from Japanese patent application No. 2012-
255000, filed on Nov. 21, 2012, the disclosure of which is
incorporated herein in its entirety by reference.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates to a method and a
device for measurement of body fat of a subject, in particular
for evaluation of fat on the abdominal cross section including
the umbilicus.

[0004] 2. Description of Related Art

[0005] Medical treatment for obese patients is prevalent. In
such treatment, patients are given advice on a diet, exercise,
etc. Obese patients sometimes find dietary restriction so
stressful that it is important as a part of treatment to help them
to maintain their motive for restricting their diet. If obese
patients are able to realize how successful they have been in
their attempt to lose weight by being kept informed of the
effect of the treatment that they have received, they will be
encouraged to carry on. Furthermore, it is obvious that, for
appropriate obesity treatment based on medical knowledge,
doctors need data which allows them to understand the effec-
tiveness of the treatment.

[0006] Among methods of acquiring data about results of
obesity treatment, the simplest way is measurement of
weight. Measurement of weight is so easy that one can con-
duct it on a daily basis, and a decrease in weight might be
regarded as proof of successful treatment for obesity. How-
ever, weight meter readings are extremely sensitive to only a
small amount of food or drink taken before the measurement.
On the other hand, development of muscle can lead to an
increase in weight even when fat has been reduced. It is,
therefore, impossible to judge only from weight measure-
ment whether obesity is being eliminated. It is inappropriate
to use such highly uncertain numerical information as the
basis of medical treatment, and patients cannot be encouraged
by looking at figures which do not accurately reflect the
results of their treatment.

[0007] Itis considered that the most accurate measurement
of change in the amount of fat can be realized by CT (Com-
puted Tomography) scanning. However, patients are subject
to rather high radiation exposure levels by CT scanning. For
this reason, frequency of CT scans should be limited: daily or
weekly scans are not acceptable. Another demerit of CT
scanning is its high cost.

[0008] There is a body fat meter which can evaluate an
amount of body fat from bioelectric impedance (e.g. Japanese
Unexamined Patent Application Publication No. 2005-
152061, Japanese Unexamined Patent Application Publica-
tion No. 2011-25071 and Japanese Unexamined Patent
Application Publication No. 2009-261435). When a body fat
meter based on bioelectric impedance is used, electrodes
contacting bodily parts such as palms and feet superimpose
voltage on the body so as to measure bioelectric impedance
from which the amount of fat is estimated through a prear-
ranged algorithm As body fat can be measured easily, this
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technique seems suitable for acquisition of data which indi-
cates the effectiveness of obesity treatment.

SUMMARY OF THE INVENTION

[0009] Nonetheless, the body fat measurement technique
based on bioelectrical impedance has been proved to be inef-
fective for obtaining a highly accurate measurement. For
example, the exact position where the fat measurement was
really conducted is unclear in the bioelectrical impedance
approach because the exact route of the electric current can-
not be examined. This means that the measured impedance
changes depending on the route of the current. Even if the
measured impedance is corrected, this will not result in a
highly accurate evaluation of fat.

[0010] One exemplary object of the exemplary embodi-
ments is to provide a method and device capable of measuring
body fat accurately in a simple manner and at a low cost.
[0011] A method of fat measurement according to an aspect
of the present invention includes:

[0012] ameasuring step measuring a distribution of skin
surface temperature of the subject;

[0013] a first operation step evaluating temperature gra-
dient on the skin surface based on the measured skin
temperature;

[0014] a second operation step calculating a skin tem-
perature distribution by conducting a numerical heat
conduction analysis on a prearranged sample body com-
position with the temperature gradient imposed as the
boundary condition;

[0015] acomparing step comparing the skin temperature
distributions obtained in the measuring and second
operation steps;

[0016] a modification step modifying the body compo-
sition of the sample in a case where the two skin tem-
perature distributions in the comparing step disagree;
and

[0017] repeating the second operation step and the modi-
fication step to make the two skin temperature distribu-
tions sufficiently close.

[0018] An apparatus for body fat measurement according
to an aspect of the present invention includes:

[0019] ameasuring means that measures a distribution of
skin surface temperature of a subject;

[0020] afirst operation means that evaluates temperature
gradient on the skin surface based on the measured skin
temperature,

[0021] a second operation means that calculates a skin
temperature distribution by conducting a numerical heat
conduction analysis on a prearranged sample body com-
position with the temperature gradient imposed as the
boundary condition;

[0022] a comparing means that compares the measured
and calculated skin temperature distributions; and

[0023] a modifying means that modifies the body com-
position of the sample in a case where a difference
between the two skin temperature distributions is
detected by the comparing means;

[0024] wherein, until the calculated skin temperature
distribution is sufficiently close to the measured skin
temperature distribution, the modification to the sample
body composition by the modification means and the
calculation of the skin surface temperature distribution
by the second operation means are repeated.
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[0025] According to the present invention, it is possible to
provide a method and device capable of measuring body fat
accurately in a simple manner and at a low cost.

[0026] The above and other objects, features and advan-
tages of the present invention will become more fully under-
stood from the detailed description given hereinbelow and the
accompanying drawings which are given by way of illustra-
tion only, and thus are not to be considered as limiting the
present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] The patent or application file contains at least one
drawing executed in color. Copies of this patent or patent
application publication with color drawing(s) will be pro-
vided by the Office upon request and payment of the neces-
sary fee.

[0028] FIG. 1A shows a simplified model outlining a body
composition on the abdominal cross section including the
umbilicus;

[0029] FIG. 1B shows a simplified model outlining a body
composition on the abdominal cross section including the
umbilicus;

[0030] FIG. 2A shows the temperature distribution calcu-
lated for the corresponding model;

[0031] FIG. 2B shows the temperature distribution calcu-
lated for the corresponding model;

[0032] FIG. 3A shows a body composition model made
from a CT scan of the abdominal cross section including the
umbilicus;

[0033] FIG. 3B shows a body composition model made
from a CT scan of the abdominal cross section including the
umbilicus;

[0034] FIG.4A shows aresult of temperature measurement
on the abdominal skin surface by thermography;

[0035] FIG. 4B shows aresult of temperature measurement
on the abdominal skin surface by thermography;

[0036] FIG. 5 is a graph which shows distributions of a
measured skin temperature along the left halves of the abdo-
mens from FRONT to BACK;

[0037] FIG. 6A shows temperature and heat flux vector
distributions calculated from two-dimensional steady-state
heat conduction equation for steady states (4);

[0038] FIG. 6B shows temperature and heat flux vector
distributions calculated from a two-dimensional steady-state
heat conduction equation for steady states (4);

[0039] FIG.7is adiagram showing a flow of process opera-
tions in a first exemplary embodiment 1;

[0040] FIG. 8 shows an example of computational domains
partitioned into numerous subdomains, which are called
computational cells or control volumes, in application of the
finite volume method;

[0041] FIG. 9 shows decomposition of a boundary curve
into line-segments in the boundary element method,;

[0042] FIG. 10 is a diagram summarizing inputted and
output information in the case when the boundary element
method is applied to the present invention;

[0043] FIG. 11 is a diagram summarizing inputted and
output information in the case when a temperature gradient is
given on the skin surface;

[0044] FIG. 12 is a diagram summarizing inputted and
output information in the case when an inverse problem
analysis is carried out with the boundary element method;
[0045] FIG. 13 is a diagram showing the flow of process
operations in a second exemplary embodiment; and
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[0046] FIG. 14 is a diagram summarizing inputted and
output information in the analysis for constructing a database
relating to Variation 1.

DESCRIPTION OF THE EXEMPLARY
EMBODIMENTS

[0047] Exemplary embodiments according to the present
invention are explained hereinafter with reference to the
drawings.

[0048] The inventors focused on the fact that skin surface
temperature varies depending on the size of the body and
considered that the difference in skin temperature should
correlate with the difference in the amount of body fat. Then,
they conceived the possibility of conducting fat measurement
based on data of skin surface temperature. If body fat could be
evaluated from skin surface temperature, this approach would
be extremely useful because skin temperature can be mea-
sured very easily. After making a diligent effort in their
research, the inventors came to the conclusion that the amount
of body fat can be evaluated from skin surface temperature
through heat conduction analysis.

[0049] First of all, the basic principle of the present inven-
tion that body fat can be evaluated by a heat conduction
analysis will be explained below.

Basic Principle

[0050] The basic principle of the approach for measure-
ment of body fat on the abdominal cross section including the
umbilicus based on a heat conduction analysis will now be
explained.

[0051] The macroscopic thermal environment of the
human body is mainly determined by (A1) heat generated by
metabolism and (A2) heat transferred from the skin surface to
the surroundings. Here, heat lost through respiration is not
considered because such heat is much less than A2 and
because the abdominal cross section in question is located far
from the respiratory tract. No considerable temporal variation
in body temperature occurs because (Al) heat generation due
to metabolism balances (A2) cooling on the skin surface. In
other words, although the human body receives a certain
amount of heat per unit time due to (A1) heat generation by
metabolism, no temporal change in temperature in any part of
the body can occur because same amount of heat is removed
from the body through the skin surface (the cooling effect of
A2).

[0052] Heat transfer in a living body will now be consid-
ered.
[0053] As heat is transferred from hot spots to cold spots,

heat is always transferred from the body core with a higher
temperature to the skin with a lower temperature. There are
two forms of heat transfer in the body: heat conduction and
convective heat transfer due to blood flow. As far as the
abdominal cross section including the umbilicus is con-
cerned, heat conduction is dominant because, in the abdomen,
there are no large blood vessels through which heat can be
transported to the skin surface.

[0054] A spatial difference in temperature causes heat
transfer. When heat is transferred by heat conduction, the
amount of heat transferred is proportional to the correspond-
ing temperature gradient. Let x be the direction in which heat
is conducted. Heat flux q [W/m?] representing heat trans-
ferred per unit time through unit area is expressed by the
following equation (1).
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_ dT (D
q= —/\%
[0055] Here, A, the constant of proportionality, stands for

thermal conductivity with the dimension of W/(m'K). It is
likely that less heat is transferred through a material with a
lower thermal conductivity. In human bodies thermal conduc-
tivity of muscle and skin is approximately 0.4 W/(m-K) while
thermal conductivity of body fat is only half of that, i.e.
approximately 0.2 W/(m‘K). Objects which hinder heat con-
duction like fat are called thermal resistances.

[0056] When a thermal resistance like fat is located on the
path of heat conduction, temperature gradient dT/dx should
increase so as to maintain the same amount of heat flux. An
increase in temperature gradient results in the more detect-
able changes mentioned below.

[0057] (B1) The hot section becomes hotter (what is called
a state of heat accumulation).

[0058] (B2) The cold section becomes colder.

[0059] When human bodies are in a state of rest, the body
core temperature is maintained in the range between 37 and
38 degrees Celsius regardless of the amount of body fat.
Therefore, (B2) shown above mainly occurs in bodies with
more fat and, as a result skin temperature is lowered because
skin is the coldest section in each body.

[0060] In addition, when a body gains fat, not only the
abdomen girth but also the distance between the body core
and the skin surface become longer. To compensate for this, a
further drop in the skin temperature occurs. This is because a
longer distance between the body core and skin surface brings
about a decrease in temperature gradient unless the tempera-
ture difference between the hot and cold sections is expanded.
Thus, it can be concluded that there is a correlation between
the amount of fat and the skin temperature, which enables a
fat measurement based on the skin temperature to be con-
ducted.

[0061] The important features in the present invention are
summarized as follows:

[0062] (C1)A constantamountofheatis always transferred
from the body core to the skin surface.

[0063] (C2) Body fat acts as a heat resistance.
[0064] (C3) The body core temperature is kept almost con-
stant.

Heat Conduction Analysis: a Prerequisite for the
Method of Fat Evaluation

[0065] Here, an explanation of heat conduction analysis,
which is a prerequisite for the method of fat evaluation, is
provided.

[0066] Theinfluences of the heat resistance were explained
in the above discussion, with the one-dimensional heat con-
duction in the x-direction being assumed. In actual human
bodies, heat can be transferred three-dimensionally in the x, y
and z-directions, and distributions of temperature and heat
flux are more complicated than in the one-dimensional heat
conduction. Paths of heat from the body core to the skin
surface vary, depending on the distribution of body fat. How-
ever, a difference in the skin temperature still reflects a dif-
ference in the amount of body fat even when multi-dimen-
sional heat conduction occurs.
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[0067] Therefore, in the present invention, internal body
temperature and heat flux vector distributions are obtained by
a numerical solution of the following steady-state heat con-
duction equation.

dg, dq, 0 *T 9T 9T @
_q+ﬂ+i:_/\_+ ~ + =Gin
dx  dy Iz Axr Ayt 42
wherein,
aT @)
[bc—_/\a,
ABT
4y =— E,
_ /\BT
q:= 3z

[0068] Here, q,, is a quantity with the dimension of W/m?,
which represents internal heat generation per unit time in unit
volume. This corresponds to heat generation by metabolism
in human bodies. The coordinate axes are defined so that the
x-y plane is identical to the cross section of the abdomen
including the umbilicus. The z-axis perpendicular to the x-y
plane is almost parallel to the spinal cord.

[0069] For evaluation of body fat located on the abdominal
cross section including the umbilicus, only two-dimensional
distributions of temperature and heat flux on the x-y plane are
necessary. The second order derivative in the z-direction in
Equation (2) is negligible because, on the abdominal cross
section, the body composition is not expected to change much
in the z-direction. In virtue of this arrangement, Equation (2)
can be replaced by the two-dimensional steady-state heat
conduction equation written below, which can be solved at a
much lower computational cost.

N FT FT )
. =a
X2 ayz Gin

[0070] Note thatitis necessary to include in q,, the effect of
heat brought to the abdominal cross section by blood flow in
the z-direction.

How to Determine _,,

[0071] For solution of Equation (4), q,, should be given
beforehand.

[0072] How to determine g;, will now be explained.
[0073] As explained above, g, on the right hand side of the

two dimensional heat conduction equation (4) is a quantity
with the dimension of W/m?, which means the amount of heat
given to a material of unit volume per unit time.

[0074] To calculate a temperature distribution across the
cross section of the abdomen including the umbilicus, the
following effects should be taken into consideration:

[0075] (D1) the effect of metabolism in muscle and intes-
tines;
[0076] (D2) the effect of heat brought by blood flow

through vessels which penetrate the abdominal cross section.

[0077] The sum of the two effects is given as q,.
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(D1) Heat Generation in Muscle and Intestines Due
to Metabolism

[0078] The Harris-Benedict formula is used to determine a
total basal metabolic rate. The Harris-Benedict formula is
given in Reference 1 (J. A. Harris and F. G. Benedict: A
Biometric Study of Basal Metabolism in Man, The Carnegie
Institution of Washington, (1919)).

[0079] This is a formula widely used for evaluation of basal
metabolic rates of healthy persons in a state of rest. According
to the formula, the basal metabolic rate [kcal/day] of the
subject is calculated through a linear function of weight,
heightand age. Then, q,, is evaluated based on the assumption
that 38% of the total metabolic heat is attributed to muscle and
7% to intestines, respectively. These percentages are given in
Reference 2 (S. Yokoyama: Heat Transfer Phenomena in Liv-
ing bodies, Hokkaido University Press, (1993)).

(D2) Heat Brought by Blood Flow through Vessels
which Penetrate the Abdominal Cross Section

[0080] Large blood vessels penetrating the cross section of
the abdomen including the umbilicus are the aorta, inferior
vena cava, superior mesenteric artery, superior mesenteric
vein, inferior mesenteric artery and inferior mesenteric vein.
Let q be heat flux transferred from blood passing through the
large vessels to the surrounding tissue, and q is expressed by
the following formula.

g=hAT )

[0081] Here, AT[K] represents a temperature difference
between blood and the surrounding tissue while h [W/(m*-K)]
stands for a heat transfer coefficient. Assume that the blood
vessel is a circular pipe with a diameter of D and a length of
L, and the heating surface area is equal to TDL. The amount
of heat transferred per unit time is, then, expressed as tDLq
[W] as the product of the heating surface area DL and the
heat flux . By dividing this amount of heat by the volume of
the vessel tD”L/4, one can obtain a quantity equivalent to g,
[W/m?].

[0082] The heat transfer coefficient h for a fully developed
flow can be calculated by Hausen’s formula written as fol-
lows.

0.0668-Re-Pr(D/L) | A (6)
h=366f —m—————— | . —
1+0.04[Re-PrD/L¥3] D
wherein,
Re=P2.
u
Pr= %
[0083] Here, A, [W/(mK)] is thermal conductivity of
blood.
[0084] Re and Pr stand for the Reynolds number and the

Prandt] number, respectively. Parameters u [m/s], u [Pa-s]
and ¢ [J/(kg-K)] in the formulae of Re and Pr represents mean
blood velocity, blood viscosity and specific heat of blood,
respectively.

[0085] The mean velocity u in the formula of the Reynolds
number can be calculated from mean volumetric flow rate Q
[m?s] in the following manner.
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[0086] It, therefore, follows that h in Equation (6) can be
calculated if the mean volumetric flow rate in each vessel is
available. Q can be determined according to the well-known
Murray’s law, which tells us that the volumetric flow rate is
proportional to the cube of the vessel diameter. Murray’s law
is given in Reference 3 (C. D. Murray: The Physiological
Principle of Minimum Work: 1. The Vascular System and the
Cost of Blood Volume, Proceedings of the National Academy
of Sciences of the United States of America, (1926), Vol. 12,
No. 3, pp 207-214).

Validation with Simplified Models

[0087] It is demonstrated by a calculation with simplified
models that the approach based on heat conduction analysis
explained above is valid for conducting fat measurement.
[0088] FIGS.1A and1B show simplified body composition
models of abdominal cross sections including umbilici.
[0089] The model in FIG. 1A is called Model A while the
one in FIG. 1B is called Model B.

[0090] Both models have an abdominal girth of 810 mm,
and the whole area of the cross section is the same in both
models.

[0091] Here, the reference numerals used in FIGS. 1A and
1B will be briefly explained. “12” indicates fat, “13” indicates
intestines and “14” indicates an abdominal muscle, all of
which are surrounded by skin indicated by “11”. Bone (ver-
tebra) indicated by 15 is located at the center of this model.
[0092] The amount of fat 12 is 209.0 cm? in Model A and
170.2 cm?® in Model B: a larger amount of the fat 12 is present
in Model A. This difference between the respective amounts
of fat in the two models is solely attributed to the difference in
the amount of visceral fat 121 located between the abdominal
muscle 14 and intestines 13. The amount of subcutaneous fat
122 present in Model A is the same as that in Model B.
[0093] As Model A contains more fat than Model B, less
muscle 14 is arranged in Model A than in Model B so that the
total area of Model A is the same as that of Model B. More
precisely, there is 167.0 cm? of the muscle 14 in Model A in
contrast to 204.6 cm” in Model B, which means that Model A
has approximately 20% less muscle than Model B.

[0094] Although the body composition and structures con-
sidered here do not always agree with those in real human
bodies, they are sufficient for a basic examination to validate
the method in the present invention.

[0095] Temperature distributions in the two models were
calculated by applying the finite volume method with the
unstructured grid system for solution of the two-dimensional
heat conduction equation (4). Constant heat q, =780 W/m®
was given to abdominal muscle and intestines. The computa-
tional domain in each model was partitioned into approxi-
mately 40000 triangular computational cells. It was assumed
that the temperature along the skin surface was constant and
that the average temperature of the intestines was 37 degrees
Celsius. These two conditions were imposed as constraints.
[0096] The obtained computational results are depicted in
FIGS. 2A and 2B.

[0097] FIG. 2A shows the temperature distribution in
Model A and FIG. 2B shows thatin Model B. In both models,
the lowest temperature was recorded in the skin 11. The
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values of the lowest temperature were 33.51 degrees Celsius
in Model A and 33.76 degrees Celsius in Model B. The
resolution of modern temperature sensors is high enough to
detect the difference between the lowest temperatures in the
two models.

[0098] It will be recalled that Model A had approximately
20% less muscle than Model B.

[0099] As constant heat g, =780 W/m® was given to
abdominal muscle and intestines in both models, it follows
that the heat generated in Model A was 20% less than that
generated in Model B.

[0100] If thermal conductivity had been constant over the
computational domain regardless of the body composition
such as theamounts of themuscle 14 and fat 12, a temperature
gradient induced in Model B would have been 20% steeper
than that induced in Model A and the skin temperature in
Model B would have been lower than in Model A.

[0101] (As the same average temperature of the intestines,
37 degrees Celsius, was imposed in both models, Model B
with more internal heat generation than that of Model A
would have required a lower temperature in the skin 11 than
that in Model A for more cooling than that in Model A.)
[0102] Nonetheless, a skin temperature lower than that in
Model B was actually calculated in Model A. It can be
asserted that the lower thermal conductivity in fat 12 accounts
for the lower skin temperature in Model A.

[0103] Two human bodies having different amounts of fat
but the same abdominal girth are rarely seen; a body with
more fat than another body is likely to have a longer abdomi-
nal girth than that of the other body, which means the former
body has a longer heat transmission distance than that of the
latter body. Therefore, in actual obese human bodies, a reduc-
tion in skin temperature greater than that in simplified Model
A is considered to occur. It can be concluded that the amount
of body fat can be evaluated from the skin temperature
because the sensitivity of the latter to the former is sufficiently
large.

Validation with Human Body Models

[0104] Examples of a heat conduction analysis applied to
real human bodies are shown here.

[0105] CT scans of two volunteers were used to make up
models.
[0106] Real Model A and Real Model B respectively shown

in FIG. 3A and F1G. 3B were made from CT images of the two
volunteers.

[0107] Fat area estimated from the CT images is 398.1 cnr®
in Real Model A and 56.5 cm® in Real Model B.

[0108] Distributions of the skin temperature of the two
volunteers were also measured by thermography.

[0109] FIGS. 4A and 4B show results of the temperature
measurement by thermography. FIG. 4A and FIG. 4 B corre-
spondto FIG. 3A and FIG. 3B, respectively. The distributions
of the skin temperature obtained in the temperature measure-
ment were imposed as the boundary conditions for solution of
the two-dimensional steady-state heat conduction equation
).

[0110] Here, imaginary vertical lines passing through the
umbilici are considered. In each figure, the intersectional
point with the skin surface at the umbilicus is defined as
FRONT and that in the posterior part is defined as BACK.
FIG. 5 shows distributions of the measured skin temperature
along the left halves of the abdomens from FRONT to BACK.
It can be clearly seen in FIGS. 4 and 5 that the skin surface
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temperature in Real Model A, which had more body fat than
Real Model B, was lower than that of Real Model B.

[0111] Internal temperature distributions were obtained by
solving the two-dimensional steady-state heat conduction
equation (4) and imposing the skin temperature distributions
measured by thermography as the boundary conditions. Inter-
nal heat flux distributions were also obtained from the tem-
perature distributions.

[0112] The results are shown in FIGS. 6A and 6B.

[0113] InReal Model A, heat generated in the intestines and
the blood vessels located near the intestines moved forward in
the direction of the ventral surface.

[0114] Heat moving toward the dorsal surface in Real
Model A was mainly generated in the muscle surrounding the
vertebra. In sharp contrast to Real Model A, in Real Model B,
heat generated in the intestines and the blood vessels located
near the intestines was transferred in the ventral and dorsal
surfaces at the same time. The above results demonstrate that
temperature and heat flux distributions across the cross sec-
tions of the abdomens differed distinctively between the two
subjects with different amounts of body fat.

First Exemplary Embodiment

[0115] A first exemplary embodiment of the present inven-
tion will be explained.

[0116] It will be explained how to apply practically the
method of evaluating body fat based on heat conduction
analysis discussed above to actual obese patients.

[0117] FIG. 7 is a diagram showing the flow of process
operations in the first exemplary embodiment.

[0118] First of all, it is necessary to construct a database
200 in advance for this exemplary embodiment. Multiple sets
of sample data are stored in the database 200. For construc-
tion of the database 200, acquisition of basic data, which will
be used for reference, is carried out with as many human
samples as possible. A set of data related to each sample
consists of body composition, girth of abdomen, distributions
of skin surface temperature and internal heat flux.

[0119] Data about the body composition is obtained from a
corresponding CT scan while the distribution of the skin
temperature can be measured by thermography. The distribu-
tion of internal heat flux is calculated by the aforementioned
approach in which the two-dimensional steady-state heat
conduction equation (4) is solved on the body composition
provided by CT scanning with a measured skin temperature
imposed as the boundary condition. If such a database with
multiple sets of basic data is prepared for reference, an
unknown body composition of a new subject can be, in turn,
estimated from his/her skin temperature distribution.

[0120] A subject’s own data, which was measured in the
past, can also be accepted as an entry in the database. For
example, when a new patient is admitted in hospital, a set of
the basic data is measured and stored in the database. Then, in
aroutine check-up during the period of the new patient’s stay
in hospital, his/her own data taken in the past can be utilized
in order to examine his/her present state with the method of
the invention, so that frequent CT scans can be avoided.
His/her own past data stored in the data is considered to be
useful in estimating his/her present state.

[0121] Measurements are made of the abdomen girth, skin
surface temperature and body core temperature of a patient
whose body fat is going to be evaluated by the present method
(ST100). Skin surface temperature can be measured by ther-
mography. A measured rectum temperature can be used as the
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body core temperature. Otherwise, the body core temperature
can be evaluated from an axillary or sublingual temperature
through a prearranged correction formula. Subsequently, the
sample closest to the patient in terms of abdomen girth and
skin surface temperature is extracted from samples in the
database (ST110). One possible approach in this process is to
shortlist several promising samples based on only the abdo-
men girth data, and then to select one sample from the short-
listed samples, referring to the averaged skin temperature.
Furthermore, there is another possible approach in which
shapes of skin temperature curves such as those shown in
FIG. 5 are examined: samples with skin temperature curves
similar in shape to the patient’s curve are chosen. For
example, in one of the temperature curves drawn in FIG. 5, a
temperature is lower where a dimensionless length is in the
range from 0.5 to 0.8, and this tendency is considered to
reflect the amount of body fat. Good samples similar to the
patient in regards to the quantity of body fat can be efficiently
extracted if ones with similar tendencies in skin temperature
curves are chosen.

[0122] 1In this process of sample extraction, automatic
extraction is usable where a program embodying a preat-
ranged algorithm is installed and executed on a computer.
[0123] Subsequently, a heat conduction analysis is carried
outon the body composition of the extracted sample (ST120).
Note that the skin temperature distribution of the patient is
imposed as the boundary condition; not that of the sample.
[0124] Subsequently, the body core temperature calculated
by heat conduction analysis (ST120) is compared with that
measured in advance (ST130). The body composition in the
selected sample is not necessarily identical to that of the
patient, and this difference in body composition is reflected in
the difference between the measured and calculated core
temperatures. In other words, if the body composition of the
sample is different from that of the patient (ST140: NO), the
body core temperature calculated by heat conduction analysis
deviates from the real body core temperature. In order to
obtain the correct body composition of the patient, the body
composition of the sample is modified so that the difference in
body core temperature is minimized (ST150).

[0125] In a modification to the body composition of the
sample (ST150), the amounts of fat and muscle are changed
mainly. A modification to vertebra or intestines is not always
required because there is rarely significant variation in sizes
of vertebra and intestines among different individuals, and
because the selected sample is similar to the patient in phy-
sique (to be sure, vertebra or intestines can be modified if
necessary).

[0126] When the amounts of fat and muscle are changed,
one possible approach in this process is homothetic transfor-
mation in which an object size varies while its shape remains
the same, because a dramatic change in the position and shape
of the fat and muscle is unlikely. The degree and location of
the modification are determined by looking at the heat flux
distribution obtained by a heat conduction analysis.

[0127] In this modification process, it is preferable that a
program embodying a prearranged algorithm can be installed
and executed on a computer. However, it is also possible for
an operator to carry out successive modifications manually
based on insights into heat conduction and a doctor to carry
out the same based on insights into medicine.

[0128] The processes explained above are reiterated until
the body core temperature calculated by the heat conduction
analysis agrees with the measured body core temperature of
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the patient. When the calculated and measured body core
temperatures agree (ST140: YES), the body composition
used in the heat conduction analysis is considered to be the
same as that of the patient. Therefore, the proportion and
amount of fat in the calculated body composition are those of
the patient. In this manner, the amount of body fat in the
patient’s abdomen can be evaluated by heat conduction
analysis.

[0129] In this embodiment, the following merits are
expected.

[0130] There were only two methods available for evalua-
tion of fat in human bodies, CT scanning and fat measurement
based on bioelectric impedance.

[0131] However, CT scanning is not only expensive but
also invasive due to radiation exposure, while highly accurate
measurement is impossible with the impedance method.
[0132] Incontrastto the conventional methods, only abdo-
men girth, skin surface temperature and body core tempera-
ture need to be measured, only a low cost is incurred and no
invasive operations are included in the exemplary embodi-
ment. It is also noteworthy that the amount of fat can be
evaluated fairly accurately by heat conduction analysis based
on a relationship between skin temperature and body fat.
Thus, frequent measurements can be conducted and, for
example, as a part of obesity treatment, a patient can be
provided with information about any recent change in the
amount of his/her body fat.

[0133] The first exemplary embodiment also enables doc-
tors engaged in obesity treatment to make more proper judg-
ments and give more adequate advice to patients.

Second Exemplary Embodiment

[0134] A second exemplary embodiment derived by
improvement of the first exemplary embodiment will now be
explained.

[0135] 1In the first exemplary embodiment, the finite vol-
ume method was used for solution of the two-dimensional
steady-state heat conduction equation (8) on the cross section
of the abdomen including the umbilicus.

&#T T ®)
=4 = Gin
[ dx* ’ 2} yz] b
[0136] Inthesecond exemplary embodiment, the boundary

element method replaces the finite volume method.

[0137] The reason for this is as follows.

[0138] As shown in FIG. 8, a computational domain is
partitioned into numerous subdomains, which are called
computational cells or control volumes in the finite volume
method. This process is called grid generation. Although
computational cells can be in any arbitrary shape, triangular
or rectangular shapes are practical and convenient choices in
a two-dimensional calculation.

[0139] It is, however, widely known that grid generation
takes a long time even when only simple rectangular cells are
used. For example, it takes approximately 20 minutes to gen-
erate approximately 40000 triangular cells on an abdominal
cross section. Recall that heat conduction analysis is repeat-
edly conducted while modifying the body composition, when
an amount of body fat is evaluated. It follows that 20 minutes
is consumed for grid generation every time the body compo-
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sition is modified. Even if a modification is repeated only
several times, more than an hour will be inconveniently
required for grid generation.

[0140] There is also a disadvantage in the finite volume
method in terms of the numerical technique.

[0141] Inthe present method, the most probable body com-
position is obtained by repetition of heat conduction analysis
on a trial-and-error basis until a given temperature distribu-
tion is obtained. However, no explicit relationships between
skin temperature and coordinate values related to the body
composition are provided as long as the finite volume method
is used. Therefore, the operator is considered to undergo
considerable difficulty during conducting of trial and error.
[0142] Incontrast to the finite volume method, only bound-
ary curves should be divided into line-segments and compu-
tational domains do not have to be filled with triangular or
rectangular cells in the boundary element method. FIG. 9
shows decomposition of a boundary curve into line-segments
in the boundary element method.

[0143] In FIG. 9, there are curves along which different
portions meet each other. Such curves are called “internal
boundaries”. As the heat conduction equation is solved
numerically, each internal boundary is represented by a set of
discrete points. On the other hand, the curve representing the
skin surface on the abdominal cross section is called an exter-
nal boundary, to distinguish it from internal boundaries. The
skin surface contacts no other portions but the air. A set of
internal and external boundaries is simply called boundaries.
[0144] When the boundary element method is employed,
the time consuming grid generation explained above is
unnecessary. From the viewpoint of the computational tech-
nique, it is also advantageous for calculation of the internal
body composition that, in the boundary element method,
direct relationships between skin temperature and coordinate
value of points composing internal boundaries are explicitly
given (details will be discussed later).

Outline of the Boundary Flement Method

[0145] The boundary element method will now be
explained.
[0146] Although boundaries are curves in view of their

nature, they are usually expressed as polylines which are
series of connected line-segments.

[0147] Individual line-segments composing boundaries are
called boundary elements or simply elements. The i-th
boundary element is defined as the line-segment with two end
nodes (x, ¥,) and (x,,,. ¥,..)-

[0148] At each element, temperature T and temperature
gradient in the normal direction 3T are defined.

[0149] When thermal conductivity A and heat generation
q,, are constant, the heat conduction equation becomes Pois-
son’s equation as follows.

PT T c ©)
F T

in

(C =- T = const)

[0150] When the boundary is divided into N boundary ele-
ments, resultant algebraic equations in the following form are
obtained by applying the boundary element method to the
governing equation (9).
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N N (10
T, = a‘-jTj+ZB‘-jaTj+Zc‘-j+d
=1 J=1 J=1

(i=1~N)

[0151] Subscriptsiandjgivento T and 3T represent the IDs
of the boundary elements at which the corresponding tem-
perature and temperature gradient are defined, and param-
eters a,, b, ¢, and d are constants. Equation (10) is a linear
algebraic equation including temperatures and temperature
gradients defined at boundary elements.

[0152] As equation (10) holds true for every boundary ele-
ment (i=1, . . ., N), a system of N algebraic equations is
obtained. As there are N temperatures and N temperature
gradients in total, either of the two quantities must be given at
each boundary element as the boundary condition so that the
system of equations can be closed.

[0153] For example, if temperature gradients are given at
all boundary elements, the following equation (11) is
obtained by moving unknowns in Equation (10) onto the left
hand side.

T[—Z a,-jTj:Z bUHTJ+Z Cij+d

N v N (11
J=1 J=1 J=

(i=1~N)

[0154] When Equation (11)is expressed in the matrix form,
Equation (12) is obtained.

AT=f (12)

[0155] Here, A is a square matrix with a size of N times N,
and f'1s a N-dimensional vector of which elements are given
by the right hand side of Equation (11).

[0156] The details of the boundary element method
explained above are about the case where there is only a single
region (portion).

[0157] In the case where there are multiple portions in the
computational domain like an abdominal cross section with
an umbilicus, the system of equations can be closed if tem-
perature T or temperature gradient ST is given at each external
boundary element as the boundary condition.

[0158] It follows that temperature gradients at all external
boundary elements constituting the skin surface can be cal-
culated from Equation (10) if skin temperatures are given.
The opposite is also true: skin temperatures can be calculated
if temperature gradients are given at all external boundary
elements.

[0159] There are various organs and tissues such as muscle,
fat, intestines, skin and vertebra on the abdominal cross sec-
tion with the umbilicus. It is stated here afresh that these are
all called “portions”.

Input and Output in the Heat Conduction Analysis
Using the Boundary Element Method

[0160] Here, heat conduction analysis on the abdominal
cross section by the boundary element method will be con-
sidered from the viewpoint of flow of information. Even if
skin temperatures are given to all external boundary elements,
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temperature gradient 3T cannot be calculated because more
information is still necessary to build Equation (10).

[0161] Firstly, C on the right hand side of Equation (9) is
necessary. Secondly, coordinate values of points composing
boundaries, (x,, y,), are required as geometrical conditions
because constant terms d, c;; and coefficients a,, b, are cal-
culated from (x,, y,).

[0162] Flow of the information is drawn in FIG. 10 where
input and output are separately written.

[0163] Or when temperature gradients are given along the
skin surface, flow of the information is expressed by FIG. 11.

[0164] The above discussion is summarized as follows.
There are four pieces of information involved in the heat
conduction analysis, namely temperature T,, temperature gra-
dient 3T,, physical property-heat generation condition C and
body composition (X,, y,). In the boundary element method, a
relationship among the four pieces of information is derived
from the governing equation, three of the four pieces of infor-
mation are given as analysis conditions, and the remaining
unknown piece of information is obtained.

7

Use of Inverse Problem Analysis Based on the
Boundary Element Method, 1

[0165] As, by utilising three known pieces of information,
the remaining unknown piece of information can be obtained
in the boundary element method, physical property-heat gen-
eration condition C or body composition (x;, y,) must also be
obtained in turn.

[0166]

[0167] (In contrast, analysis in which temperature or tem-
perature gradient is calculated as explained in (Outline of the
boundary element method) is called forward problem analy-
sis.)

[0168] For example, when the body composition is treated
as being unknown, flow of information can be understood as
shown in FIG. 12 where input and output are separately
written. Simply put, the body composition can be calculated
if distributions of temperature and temperature gradient along
the skin surface are given at the same time as the boundary
conditions.

[0169] Calculation of the body composition is certainly the
purpose of the present invention. The process of evaluating
the body composition can be put into practice with the inverse
problem analysis.

[0170] The practical procedures based on the Newton-
Rhaphson method are as follows.

[0171] In the beginning, the system of equation (12), in
which temperatures are unknowns, is built with the given set
of boundary temperature gradients imposed as the constraint.
At this point, the given set of boundary temperatures is not
under consideration.

[0172] The resultant solution obtained from Equation (12)
is expressed as Equation (13).

Such analysis is called inverse problem analysis.

r=4"Yf 13)

[0173] The solution shown in Equation (13) does not
always agree with the given set of boundary temperatures T*.
On the other hand, one can have Equation (14) when differ-
entiating Equation (12) with x;.
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[0174] Derivatives of boundary temperatures in terms of x;
can be obtained in the form of the Jacobian matrix as shown
in Equation (14).

[0175] Derivatives of boundary temperatures in terms of x,
can be calculated in the same manner.

[0176] Ttis then assumed that solution T in Equation (13)
does notagree with the given set of boundary temperatures T*
because of the wrong composition (x,, y,). Thus, corrections
to the compound (Ax,, Ay,) are considered, and the corre-
sponding change in the calculated boundary temperatures AT
is estimated by Equation (15).

ar 8T 15
AT_Z (B—X’_-Ax; + a—yi-Ay;]

[0177] Let AT=T*-T and the correct body compound can
be calculated by solving Equation (15) for (Ax,, Ay,).

[0178] Besides skin temperature, skin temperature gradient
needs to be given beforehand so that the inverse problem
analysis explained in this section is enabled. Evaluation of
skin temperature gradient is fairly easy when skin tempera-
ture is already known. Heat transmitted towards the skin
surface from the body core and that transferred from the skin
surface to the surroundings are in balance. This thermal equi-
librium is mathematically expressed by Equation (16).

~MED) =TTy (16)

[0179] Here, subscript s represents the skin surface.
[0180] A, hand T, stand for thermal conductivity of the
skin, heat transfer coefficient between the skin and the air, and
temperature of the air, respectively.

[0181] The left hand side of Equation (16) represents heat
flux due to heat conduction while the right hand side is heat
flux removed from the skin surface to the surroundings.
[0182] Since skin temperature is known, temperature gra-
dient 3T can be easily calculated from Equation (16).

[0183] FIG. 13 is a diagram showing the flow of process
operations in the second exemplary embodiment.

[0184] In the same manner as in the first exemplary
embodiment, it is necessary first of all to construct a database
200 for this exemplary embodiment.

[0185] Subsequently. abdomen girth and skin surface tem-
perature of a patient whose body fat is going to be evaluated
are measured, and the room temperature is also measured
(5T200).

[0186] The skin surface temperature can be measured by
thermography.
[0187] Subsequently. the sample closest to the patient in

terms of abdomen girth and skin surface temperature is
extracted from samples in the database (ST210).

[0188] As in the first exemplary embodiment, one possible
approach in this process is to shortlist several promising
samples with only abdomen girth, and then, to select one from
the shortlisted samples referring to the averaged skin tem-
perature. Furthermore, there is another approach in which
shapes of skin temperature curves such as those shown in
FIG. 5 are examined: samples with skin temperature curves
similar in shape to the patient’s curve are chosen.
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[0189] Subsequently, the skin temperature gradient of the
patient is calculated from the measured skin temperature
(ST220). This is realizable with Equation (16) as explained
above.

[0190] Subsequently, heat conduction analysis is carried
outonthe body composition of the sample extracted in ST210
with the skin temperature gradient distribution imposed as the
constraint, and a skin temperature distribution on the sample
is calculated (ST230).

[0191] The distribution of skin temperature measured in
ST200 and that calculated in ST 230 are compared (ST240).
[0192] When the two skin temperature distributions agree
(ST250: Yes), the body composition used in the heat conduc-
tion analysis is considered to be the same as that of the patient,
and the data processing is terminated.

[0193] If, on the other hand, the distribution of skin tem-
perature calculated in ST230 disagrees with the distribution
of actual skin temperature of the patient, the body composi-
tion is modified (ST260) and the skin temperature distribu-
tion on the sample is recalculated, with the data-processing
returning to ST230. The processes from ST230 to ST260 are
repeatedly carried out until the distributions of calculated and
measured skin temperature agree with each other.

[0194] The correct body composition of the patient can be
obtained through the procedures explained above.

[0195] Recall that, in the first exemplary embodiment 1, the
data processing was terminated upon the body core tempera-
ture calculated in the sample agreeing with that of the patient.
However, the body core temperature cannot always be mea-
sured directly and the exact position where it is defined is
ambiguous. (If direct measurement of the body core tempera-
ture is conducted, the prospective position for conducting
measurement will be the rectum, which means that the patient
will feel extreme stress.)

[0196] However, in the second exemplary embodiment, ter-
mination of the data processing can be determined by com-
paring the calculated skin surface temperature with the real
skin surface temperature of the patient, which latter tempera-
ture is more easily and accurately measureable than the
former one. Thus, the second exemplary embodiment 2
enables more accurate evaluation of the body composition. It
is another advantageous point as explained above that use of
the boundary element method results in a much faster opera-
tion than the finite volume method.

MODIFIED EXAMPLE 1

Use of Inverse Problem Analysis Based on the
Boundary Element Method, 2

[0197] Exact values of thermal conductivity 2 of tissues in
individual human bodies cannot be acquired with ease. 0.4
W/(mK) for muscle and skin and 0.2 W/(m-K) for fat are
assumed in the above discussion because these approximate
values have been widely used. However, they are not exact
values.

[0198] A method of determination of internal heat genera-
tion ¢, is provided in the first exemplary embodiment.
Although there are good physical grounds for this method,
there is still room for doubt about whether variation in q,,, due
to age, gender and physique can be taken into account pre-
cisely.

[0199] Thus, more realistic values of C=q, /A should be
calculated by carrying out inverse problem analysis shown in
FIG. 14 upon construction of the database.
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[0200] The three pieces of input information including the
exact body composition are available because skin surface
temperature measurement and CT scanning are conducted for
construction of the database 200. (In this regard, since
numerical procedures for inverse problem analysis were dis-
cussed above, no further explanation is given here.)

[0201] Values of C collected in this manner are classified
according to age, gender, height and weight before being
stored in the database, and should be utilized in the heat
conduction analysis (ST230) shown in FIG. 13.

[0202] As discussed above, exact physical properties of
each portion, which remained unknown before, can be
obtained by conducting inverse problem analysis based on the
boundary element method on tissues of the human body.

MODIFIED EXAMPLE 2

Measurement of Body Core Temperature and its
Utilization

[0203] Body core temperature is used for reference in the
first exemplary embodiment.

[0204] Body core temperature is usually regarded as being
the same as rectal temperature. However, most patients will
find measurement of rectal temperature so stressful that this is
considered an unfavorable approach. As the rectum is located
anatomically next to the bladder, it can be assumed that there
is no difference in temperature between the two organs.
Therefore, urinary temperature can be used as a substitute for
body core temperature.

[0205] As long as the procedures in the second exemplary
embodiment are followed, it is not necessary to refer to body
core temperature in calculating body composition. However,
information about body core temperature is useful for com-
pensation of the error arising in measurement of skin surface
temperature. For example, the condition that the average tem-
perature of the intestines is equal to the body core temperature
is imposed in inverse problem analysis as a constraint.
[0206] The present invention is not limited to the exemplary
embodiments described above, and various changes and
modification may be made without departing from the scope
of the invention.

[0207] Physical values used in the heat conduction analysis
such as internal heat generation, body core temperature and
thermal conductivities of fat and skin should be properly
determined by referring to literature or experimental data.
Note that the values cited above in this document are only
examples.

[0208] Inregard of the above exemplary embodiments, the
invention was mainly explained in terms of methodology.
However, an apparatus can also be made by integrating a
storage device for the database and a computer for data pro-
cessing.

[0209] In other words, it is possible to use a computer, on
which a prearranged program is installed, as a means for
sample extraction, a numerical heat conduction analysis,
comparison and modification of the body composition.
[0210] From the invention thus described, it will be obvious
that the embodiments of the invention may be varied in many
ways. Such variations are not to be regarded as a departure
from the spirit and scope of the invention, and all such modi-
fications as would be obvious to one skilled in the art are
intended for inclusion within the scope of the following
claims.
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What is claimed is:

1. A method of body fat measurement comptrising:

ameasuring step of measuring a distribution of skin surface
temperature of a subject;

afirst operation step evaluating temperature gradient on the
skin surface based on the measured skin temperature;

a second operation step calculating a skin temperature
distribution by conducting numerical heat conduction
analysis on a prearranged sample body composition
with the temperature gradient imposed as a boundary
condition;

acomparing step comparing the skin temperature distribu-
tions obtained in the measuring and second operation
steps;

amodification step modifying the body composition of the
sample in a case where the two skin temperature distri-
butions disagree in the comparing step; and

repeating the second operation step and the modification
step to make the two skin temperature distributions suf-
ficiently close.

2. The method of body fat measurement according to claim

1, further comprising:

prearranging database in which abdomen girth, body com-
position and skin surface temperature of each sample is
recorded; and

extracting a sample closest to the measured subject from
the database by referring to the real abdomen girth and
skin surface temperature of the subject obtained in the
measuring step.

3. The method of body fat measurement according to claim

1, further comprising:

measuring body surface temperature and body composi-
tion of real human bodies,

calculating skin surface gradient based on the measured
surface temperature and the measured body composition
of real human bodies,

10

May 22, 2014

evaluating thermal properties of respective tissues based
on the measured surface temperature, the measured
body composition and the calculated skin surface gradi-
ent; and

constructing a database that classifies the thermal proper-
ties of respective tissues according to a single or multiple
attributes of the sample chosen based on age, gender,
height and weight.

4. The method of body fat measurement according to claim
1, wherein the boundary condition further includes a condi-
tion that average temperature of intestines agrees with mea-
sured body core temperature.

5. An apparatus for body fat measurement comprising:

a measuring means that measures a distribution of skin

surface temperature of a subject;

a first operation means that evaluates temperature gradient
on the skin surface based on the measured skin tempera-
ture;

a second operation means that calculates skin temperature
distribution by conducting a numerical heat conduction
analysis on a prearranged sample body composition
with the temperature gradient calculated by the first
operation means imposed as a boundary condition;

a comparing means that compares the measured and cal-
culated skin temperature distributions; and

a modifying means that modifies the body composition of
the sample in a case where a difference between the two
skin temperature distributions is detected by the com-
paring means;

wherein, until the calculated skin temperature distribution
is sufficiently close to the measured skin temperature
distribution, the modification to the sample body com-
position by the modification means and the calculation
of the skin surface temperature distribution by the sec-
ond operation means are repeated.
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