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ABSTRACT: A simple, reliable, and relatively accurate method
for estimating the time since death is described. It is based on the
Triple-Exponential Formulae (TEF), which are devised for the first
time in this study. The postmortem cooling rate of the brain, liver,
and rectum in 117 forensic cases were investigated (Part I). The
method can be used in the field as a computer program, reference
graph, or reference chart-ruler. The program is simple and can eas-
ily be run by any user. There are six reference graphs representing
the average brain, liver, and rectal cooling curves for naked and
covered body groups. The ruler is designed for the rectal cooling
curves for covered and naked bodies. This method requires one tem-
perature measurement of the chosen body site and the environment.
The postmortem interval is estimated as a probable value * a pos-
sible range of time estimates with a built-in confidence limit.
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The problem of estimating the postmortem interval is regularly
encountered in forensic practice and the answer to it frequently be-
comes of decisive value as to the outcome of a suspicious case
(1-3,8,12,15).

It is now widely acknowledged among forensic practitioners that
the temperature method for estimating the time of death is more re-
liable, easier to implement, and more likely to be of value than
other methods, especially during the first 24 h after death
(2,7,9,10,14-16). Nevertheless, this does not mean that methods
based on the postmortem rate of cooling are absolutely reliable and
accurate as it has been shown that even the best of the cooling mod-
els may give significant errors in the estimation of the time since
death when it is applied in the field (4-6,10,11,13).
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There is, therefore, a continuing need for more accurate and re-
liable (albeit more complicated) methods for the estimation of the
postmortem interval. An equally important objective is to establish
statistically the extent of errors inherent in the method. These goals
have become more possible and practicable in recent years by the
application to forensic medicine of modern techniques for the ac-
quisition, processing, and analysis of data (1-3).

It should be noted that most available temperature-based meth-
ods, so far, are difficult to apply in the field, as they require the
knowledge of several factors or the measurements of body param-
eters, which are usually not available for the forensic practitioner
to start with. On the other hand, there are methods which are pos-
sibly easy to use but are basically flawed.

Experimental

Most methodological aspects of the data collection and analysis
have been described earlier (Part I). Temperature difference ratios
(Eq 1, Part I) at selected successive intervals after death, for naked
and covered body groups, were averaged by simple numerical tech-
nique. Values of average and standard deviation were plotted ver-
sus postmortem time and areas of the scatters around the averages
were shaded. Thus, six reference graphs were obtained.

Using Eq 1 (Part I) and the rectal temperature at the moment of
death (7}) for the naked body group (Table 1), temperature differ-
ence ratios were calculated for selected values of rectal and envi-
ronmental temperatures within a temperature scale ranging from 1
to 36°C. Thus, 36 curves were obtained, which represent the rela-
tion between the rectal and the environmental temperatures over a
temperature range of 1 to 36°C. Then these curves were plotted to
match the average rectal cooling curves for the covered and naked
body groups. Thus, the Reference-Chart-Ruler was obtained.*

Average parameters (P; to Pg, Eq 2, Part I) were implemented in
a specially written simple Window-based computer program. To
enable this program to calculate the possible errors in the time es-
timates, the following procedure was performed: at selected post-
mortem intervals and for each body site, values of the standard de-
viations were added to and subtracted from the values of the mean
temperature difference ratios R. Values resulting from the addition
and subtraction were denoted as (U) and (L) respectively (U for
upper limit and L for lower limit). U and L values were then fitted

4 A similar Chart-Ruler was presented to the annual meeting of the British
Association in Forensic Medicine, London, 1991.
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TABLE 1—Average values for upper limit (U), mean (M), and lower limit (L) parameters of the Triple-Exponential Formulae (TEF) incorporated in
the computer program devised in this study for the estimation of the time of death by postmortem measurements of brain, liver, and rectal temperatures.
Tywo = Site-specific body temperature at the moment of death experimentally found in this study and integrated in the program.

Parameters Brain* Liver Covered Liver Naked Rectum Covered Rectum Naked
M -59 —5.86 -6 —5.99 -6
M} —0.10134 —0.14237 —0.1039 —0.19152 —0.18765
M} 4.5 5.1 5.1 5.1 5.1
M —0.119334 —0.14995 —0.08953 —0.20642 —0.14585
M 24 1.76 1.9 1.89 1.9
M —0.08309 —0.05363 —0.1334 —0.084774 —0.22793
U, —5.904 -59 -6 -6 —-5.4
U, —0.0364 —0.16698 —0.03044 —0.16195 —0.13651
Us 4.5048 53 5 54 6.1
U, —0.05618 —0.17356 —0.03925 —0.1656 —0.12052
Us 2.3992 1.6 2 1.6 0.29958
Us —-0.0197 —0.04113 —0.02044 —0.06362 —0.07576
L, —17.6341 —5.98 —-11.7 —13.48 —13.52
L, —0.49342 —0.26282 —0.19874 —0.18611 —0.2734
Ls 11.7687 5.53 7.9 5.41 9.2919
Ly —0.40857 —0.2794 —0.16495 —0.23512 —0.22209
Ls 6.86538 1.45 4.8 9.07 5.2282
Lg —0.5998 —0.06562 —0.24169 —0.14849 —0.33819

Tyo°CH 26.64 32.7 27.52 36.62§ 36.62

* Brain cooling is not affected by covering of the torso.
T M-Me¢ = P,-Pg [Part II].
1 Site-specific temperature at moment of death [Part I].

§ Ty for naked body group is used instead of that for the covered body group because the former is more representative than the latter.

to triple-exponential equations using the BMDP P3R Program. The
formulae thus obtained were also implemented in the program (i.e.,
our program). Thus, three formulae were used for each site and
each group of related cases, the first was the average cooling for-
mula, the second was the upper limit formula, and the third was the
lower limit formula as follows:

RM — Mlele‘m + M36M4tm + M5€M6tm (1)

Where M, to Mg (Table 1) are the mean values of the parameters P,
— Pg (Eq 2, Part I), Ry, is the mean value of the temperature differ-
ence ratio R (Eq 1, Part I), and #m is the most probable postmortem
interval (PMI) estimate.

Ry = Uy e%™ + Us e + Us e 2)

Where U, to Ug (Table 1) are upper limit values of the parameters
P, — Pg (Eq 2, Part I), Ry is the upper limit value of the tempera-
ture difference ratio R (Eq 1, Part I), and ru is the upper limit post-
mortem interval (PMI) estimate.

Ry =Ly e™" + Ly ™" + Ls e 3)

where L; to L (Table 1) are lower limit values of the parameters P;
— P¢ (Eq 2, Part I), R, is the lower limit value of the temperature
difference ratio R (Eq 1, Part I), and L is the lower limit post-
mortem interval (PMI) estimate.

The most probable estimated postmortem interval was calcu-
lated by the average formula and the range of time estimates was
calculated by upper and lower limit formulae. Also implemented in
the program were Eq 1 (Part I) and the temperatures at the moment
of death (7o) of the three body sites studied. These were derived
empirically by a procedure outlined earlier (Part I). This enables
the program to calculate the temperature difference ratio R. There-
fore, the user should measure and input temperatures of the chosen
body site and the environment as encountered in the field.

Results

Average Curves for Practical Use: Reference Graphs and Chart-
Ruler

Through the curve fitting procedures (Part I) and subsequent
averaging processes (2,3) the average cooling curves were ob-
tained. These incorporated the scatter of temperature difference ra-
tio (R) values to = 1 standard deviation. By joining the upper and
lower limits of R scatters together and shading the area thus ob-
tained, the errors or ranges of time estimates, which would proba-
bly be encountered in the field, can easily be calculated at any point
in the graph (Fig. 1). These reference graphs simplified the appli-
cation of the Triple-Exponential Formulae (TEF) to actual cases in
the field. However, there is still a need for the forensic practitioner
to calculate the values of R in the field using Eq 1 (Part I). This was
considered a drawback and therefore a further simplification was
made by introducing the reference chart-ruler (Fig. 2), which can
be obtained by a special arrangement with the authors.

A Computer Program for Practical Use

The triple-exponential equation used in this study can easily be
solved by a microcomputer or even by a small pocket computer.
The average values of the mean, upper limit, and the lower limit of
the TEF parameters, which are integrated in the program, are
shown in Table 1. The site-specific temperatures at the moment of
death (T}0), which are incorporated in the program (Table 1) were
described previously (Part I). This enables the program to calculate
the temperature difference ratio R. Therefore the user should mea-
sure and input temperatures of the body site and the environment as
encountered in the field. This program can be obtained by a special
arrangement with the authors.

As the scatter of the values of the temperature difference ratio
(R) was relatively wide, only one standard deviation was used.
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FIG. 1—Reference graphs for estimating the time of death based on the Triple-Exponential Formulae (TEF) for three body sites in naked and covered
body groups. The shaded areas indicate the range of errors corresponding to * 1 standard deviation.
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FIG. 2—Reference Chart-Ruler based on the Triple-Exponential Formulae (TEF) for estimating the time of death for the rectal cooling in the naked and

covered body groups.

This means that the confidence limit of the postmortem interval
(PMI) estimations obtained by this method is 68%. In other
words, this method is expected to accurately predict the post-
mortem interval in about two-thirds of the population. However,
when the program devised in this study is used, the user can in-
put temperatures of more than one body site. These should be
measured at the same time so that the time after death would be
estimated according to different average formulae. By averaging
the errors in time estimates resulting from these formulae, the pre-
cision and reliability of time prediction is greatly improved (Table
2). Thus, two or even three standard deviations can be used and,
therefore, the applicability of this method to normal population is
widened.

Discussion
General Appraisal of TEF Method

It should be noted that temperature-based methods are not equal
in their applicability to the field. Simple models such as the “Rule
of Thumb” and “Newtonian Cooling” are perhaps easy to apply in
the practice, but have been shown to give enormous errors in time
estimates (16). Moreover, from a theoretical point of view, the ap-
plication of these models to the postmortem cooling is shown to be
invalid (2,3). Other methods such as the double-exponential for-
mula and its modifications are based on sound mathematical ex-
pression of the actual postmortem cooling curve but they are diffi-
cult to be used in practice. For instance, the double-exponential
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TABLE 2—Mean values of the deviation of estimated time from the actual time using the average formulae for the three body sites separately and
together in covered and naked body groups at selected intervals after death.

Mean Deviation (Hours)

Covered Bodies (N = 43)

Naked Bodies (N = 74)

Actual
PM Time (Hours) Brain Liver Rectum All Sites Brain Liver Rectum All Sites

1 0.3 0.1 0.5 0.3 0.3 0.1 0.1 0.2
2 0.2 —-04 0.5 0.1 0.2 0.2 0.4 0.3
4 —0.1 0.1 0.3 0.1 —0.1 -0.2 0.4 0.03
8 0.0 —0.1 0.1 0.0 0.0 —-04 0.3 0.03

12 0.6 —-04 0.4 0.2 0.6 -0.5 0.5 0.2

18 4.0 —0.1 14 1.8 4.0 -0.2 0.4 1.4

24 6 0.5 1 2.5 6.0 3.7 -0.3 3.1

formula of Marshall and Hoare requires several temperature mea-
surements over a period of many hours and in most occasions for
at least 12 h. Also, it requires the measurements of some body pa-
rameters such as the weight and the surface area. In addition to that,
it needs many constants to be derived for each case. Although some
of the modifications and amendments of the double-exponential
formula are relatively easier to use, they all inherit almost the same
amount of errors in time estimates as well as the requirements for
the measurements of the body weight and height, which are not
readily available for the forensic practitioner in the field (17,18).
Moreover, most of these methods have not been evaluated statisti-
cally on a significant number of cases and, therefore, the confi-
dence limits of their use are not known.

The complexity of the problem of estimating the time of death is
now apparent as many factors affect the postmortem cooling and
sometimes interact in an unpredictable and irregular manner. This
has caused some authorities in this field to suggest rightly that a
good method for the timing of death should be able not only to pro-
vide a point of probable time estimate, but a bracket or window of
possible estimates, to enable the law enforcement agencies to be
flexible in dealing with such a complicated issue (16). Unfortu-
nately, most of the available temperature methods, so far, are un-
able to do so.

The current study represents a novel approach to the use of cool-
ing models, in that:

1. It used microwave thermography to measure the temperatures
of internal body organs by noninvasive techniques as described
previously (1).

2. It also used computer-based methods extensively for data ac-
quisition and processing (Part I).

3. Useful practical versions of the Triple-Exponential Formula
(TEF) were developed and evaluated for the first time. These
versions are very easy to use in the field. They require one tem-
perature measurement of the body and the environment. Also,
they give results which are relatively more accurate and reliable
than the existing methods (2,3).

4. The error in time estimates resulting from the use of the method
was assessed statistically on a relatively large number of cases
(117 forensic cases).

5. The temperatures of each body site at the moment of death were
studied and calculated by extrapolation from empirical data
(Part I).

6. The shape of the cooling curve in three body sites was exten-
sively evaluated both mathematically and statistically and the
concept of the temperature plateau was tested (1-3).

The Use of Reference Graphs

The solution of the average formulae developed in this study can
be carried out manually using a reference graph, a reference chart-
ruler or, more accurately, using a micro or even a pocket computer.
It is, therefore, entirely possible to use this method in the field if the
portable version of the microwave system, which has recently be-
come available, is used. For this purpose reference graphs were
prepared for each body site in the naked and the covered body
groups (Fig. 1). Each graph contains the average cooling curve for
a body site in either the covered or the naked group. In addition to
that, each graph contains a shaded area around the average curve.
This area represents values of the standard deviation and indicates
the possible errors in time estimates or the range of time estimates,
which are likely to be encountered in practice. It is important to
note that because the scatter of the values of the temperature dif-
ference ratio is originally wide, only one standard deviation is used
and therefore these errors can, from a statistical point of view, be
encountered in 68% of the cases in practice. In other words, the
confidence limit of estimating the postmortem interval according
to these graphs is 68%.

For the reference graph to be used, the temperature of a body site
and the temperature of the environment are first measured in de-
grees centigrade. The second step is to calculate the temperature
difference ratio R from Eq 1 (Part I). The temperature of the cho-
sen body site at the moment of death (7)) should be obtained from
previous publications (Part I). The resulting average time after
death and the probable range of error in the time estimate can then
easily be measured.

The Use of Reference Chart-Ruler

The necessity to work out the value of temperature difference ra-
tio (R) by the forensic investigator is considered as a drawback,
however small, of the reference graphs’ technique. Therefore the
chart-ruler was designed to avoid any calculation. To use the chart-
ruler, follow the instructions printed on the ruler itself. The shaded
area gives the possible range of time estimates. For example, if the
rectal temperature is 23°C and the air temperature is 19°C, follow
the curve which corresponds to rectal temperature 23°C, then draw
a vertical line from environmental temperature 19°C to the rectal
temperature curve; the intercept, in this case, would correspond to
R value at 0.25. Therefore, the estimated postmortem interval in a
naked body is probably 18 h, ranging from 15.5 to 23 h after death
and, similarly, in a covered body the estimate is probably 23 h,
ranging from 18 to 28 h after death. The confidence limit is still the
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same 68%. The ruler was designed for the rectal cooling only be-
cause this, so far, is the site of choice for the measurements of
postmortem temperatures, taking in consideration that the mi-
crowave thermograph is not available for general use yet.

The Use of Computer Program

To enable practicing pathologists or forensic examiners to use
the triple-exponential formulae developed in this study for more
accurate estimation of the time since death, a specially written sim-
ple computer program was prepared. The program operates in any
Window operating system. Following the instructions given by the
program, the investigator is asked to input the temperature of a
body site and the temperature of the environment and to indicate
which body site is used (rectum, brain, or liver). Other data re-
quired for the prediction of the postmortem interval (Table 1) are
built in the program itself. It should be observed that whenever the
temperature of the environment is required this should be measured
at about 2 m distance from the body to avoid artifacts due to the
heat of the body. It is worth noting that when the temperature of a
body site approaches that of the environment, the possible errors or
the range of time estimates become wide and therefore, the results
are less reliable. One-standard deviation values were incorporated
in the program and therefore the confidence limit of the time esti-
mates obtained from the program is 68%. If the Microwave Ther-
mography System (1), or a similar device, is available the program
would be able to accept inputs of the brain, liver, and the rectal tem-
peratures together and, thus, a more accurate and reliable estimate
of postmortem interval can be obtained (Table 2). At such condi-
tions two, or even three, standard deviations can be used and, there-
fore, the accuracy and reliability of this method is strengthened and
its applicability to the field is widened.

Finally, this study has emphasized the view that the problem of
time of death is very complex and, therefore, further studies are re-
quired to scrutinize the influence of various body and environmen-
tal factors on postmortem cooling. We believe that the method de-
vised in our study provides significant improvements as to the
accuracy and reliability of time estimates over the existing meth-
ods. However, it is important to note that this method aims prima-
rily at providing the law enforcement agencies with an investiga-
tional tool and, therefore, when the method is employed for evi-
dential purposes it should be used with caution. We think that this
method can be applied to a wide range of forensic cases and it
would be useful for most of the situations encountered in usual
forensic practice. However, it should be applied with care to bod-
ies discovered under extreme weather conditions.
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