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Abstract Beginning 7 h after death, a datalogger was used
to measure the temperature in the external auditory canal of
an adult male body placed in a refrigerated room. The
sequence of measured values approximated a single
exponential function with a correlation coefficient of
0.998475. This suggests that the starting time of body
cooling in the refrigerated room under constant tempera-
ture can be calculated with less error using any two data
points recorded by the datalogger. However, the results of
such calculations varied widely and longer postmortem
intervals demonstrated greater calculation errors. Periodic
errors also appeared. Mathematical simulations showed
that this variation was caused by rounding errors, which
represent the difference between the thermometer readings
and the true temperature. The resolution of the thermom-
eter was 0.1°C, a normal specification; however, even this
led to noticeable rounding errors. Therefore, significant
errors may influence postmortem interval estimations using
other body temperatures. When body temperatures are used
to determine the time of death, a method that minimizes
rounding errors should be considered.
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Introduction

Many forensic pathologists use a body temperature method
based on postmortem cooling to estimate the time of death.
There have been many reports about errors in the death
time estimation [1-10]. However, there have only been few
reports on rounding errors caused by the resolution of the
thermometer. In this report, we continuously and auto-
matically recorded postmortem temperature in the external
auditory canal at 1-min intervals for 17 h at an air
temperature of 4°C to analyze the influence of rounding
errors. In addition, we simulated postmortem body
temperatures while considering rounding errors in the
true temperature.

Mathematical models for analysis

Equation governing postmortem cooling
in the external auditory canal

It is likely that the temperature in the external auditory canal
will decrease rapidly after death at cold ambient temper-
ature because the depth of the canal is shallow compared
with the radius of the head. Therefore, the equation
governing postmortem cooling in the canal is given by
the following equation using the Newtonian model [11, 12]:

dT
~MS=— = hA(T — T,
7 ( )

6]
where M, S, ¢, T, T., h, and A4 are the mass of the body, the
specific heat of the body, time, the temperature of the ex-
ternal auditory canal, the environmental temperature, the
heat transfer coefficient from the surface to the environ-
ment, and the surface area, respectively.
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Assuming that the environmental temperature does not
change with time and integrating Eq. 1, the following
equation is obtained:
T=(Ty—T,)e ? +T,. )
where Ty and Z are the temperature of the canal at the initial
time and the cooling factor (=hA/MS), respectively.

To simplify the mathematical handling, Eq. 2 can be
converted as follows:

T-T,
T

9 = 3)

where 6 is the nondimensionalized temperature (0<6<1).
Setting =1 at ¢, and taking the logarithm of both sides,
the following equation is obtained:

Inf=-7-1t. 4)

Equations for estimating the cooling interval

At a given time, #,, during the cooling process, 6 is 6, .

Ing, =-Z-1. (%)
Furthermore, 6 at At from ¢y, is 6+ A,

Inb, 4+ =-7Z-(t + At). (6)

Substituting Eq. 5 into Eq. 6 and solving for ¢, the
following equation is obtained:

At

H=——
! 11’1 9[1+At - 11’1 01‘1

-Iné,. @)

If the start time of cooling is calculated from more than
two measured results, the estimation formula can be

derived using a least squares method [13]. Concretely,
from n measured results (Inf, #;), (Inbs, ), ...... , (Ind,,, t,),
the equation of postmortem cooling in the canal can be
regressed as follows:

o — HZ (l‘k — ll) In 9k—(z (lk — ll))(z In ek) )

- 2 2
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We must subtract #; from each value of #; in the
regression line because ¢, is unknown in the real case and
only the time intervals from the first measurement point
can be seen. Strictly, the estimated cooling intervals are not
the #; but the intercept on the time axis of Eq. 8§, 7.

Therefore, substituting ~=¢ and Inf=0 into Eq. 8 and
rearranging the equation, the following generalized formula
for estimation of cooling interval of the canal is obtained.

o Y- 1) b — S (4 — 1) In6 S (1 — 11)
ny (G —t)Inby — Q0 (& —101))(D>_Inby)
)

Materials and methods
Case subject

The subject was a 52-year-old male who collapsed
suddenly at work and was subsequently taken to a clinic
but did not respond to cardiopulmonary resuscitation. He
was transported to an autopsy room and stored in a naked
supine position on a stainless steel stand in a refrigerated
room at an air temperature of 4°C. The temperature in the
left external auditory canal was measured at 1-min intervals
using a temperature datalogger TR-71U (T&D corporation,
Japan) and sensor TR-1106 Teflon-Shielded Sensor (T&D
corporation) for 17 h, beginning 7 h after death. The
resolution of the thermometer was 0.1°C. The thermometer

Table 1 Measurement conditions in the subject case and the simulation cases

Fig. Temperature Assumed measurement conditions Applied estimation formula
Measurement Measurement ~ Thermometer characteristics
number interval [min]  Resolution [°C]  Accuracy [°C]

la Measured temperature 2 30 0.1 +0.5 Eq. (7)

1b 30 1 Eq. (9)

2a Rounded true temperature 2 30 0.1 +0 Eq. (7)

2b 2 60 0.1 Eq. (7)

2c 30 1 0.1 Eq. (9)

2d 2 30 0.01 Eq. (7)

3 Rounded true and measured 2 30 0.1 +0.+0.5 Eq. (7)

temperature




probe was inserted into the auditory canal and fixed with
adhesive tape to maintain the position at a depth of about 3
cm. All results were nondimensionalized and transformed
into logarithms, then regressed as a straight line. Cooling
intervals in the refrigerated room were then estimated using
Egs. 7 and 9, and the estimated to actual ratios were
determined.

Simulation of postmortem cooling

In simulations to study rounding errors, we defined the
values represented by the aforementioned approximate line
as the true temperatures. True temperatures were computed
every minute. To transform these true temperatures into
measurement readings, they were rounded off in accor-
dance with the thermometer resolution. The cooling in-
tervals in the refrigerated room were estimated using Eqs. 7
and 9 under various measurement conditions (Table 1) and

)

Fig. 1 Ratio of estimated to
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the ratios of the estimated cooling to actual cooling intervals
were calculated. All analyses were then conducted using
Microsoft Office Excel 2002.

Results
Case subject

In this case, the environmental temperature, 7,, was defined
as the arithmetic mean air temperature (3.129°C) from 60
to 1,020 min, and 7, was set at 30.8°C. Making all
measured results into nondimensional values and regres-
sing them as a single exponential function, the following
equation is obtained:

6 = 1.00944¢ 0-00211048 (10)
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The correlation coefficient of Eq. 10 is 0.998475,
suggesting the validity of this single exponential function
as a representation of postmortem cooling in the refriger-
ated room. By computing the regression line of the
logarithm-transformed dimensionless measured results,
the following linear equation is obtained:

log = —0.00211048 - £ 4+ 0.00940040 arn

The correlation coefficient of Eq. 11 is the same as that
of Eq. 10.

Figure la demonstrates the ratios of the estimated
cooling intervals to the actual cooling intervals. The
estimated intervals were calculated using Eq. 7 and two
temperatures at intervals of 30 min, while the actual
intervals were taken as the first of these two temperatures.
For example, using the temperatures at 391 and 421 min,
the estimated time interval was calculated to be 489 min. In

Fig. 2 Ratios of estimated to
actual cooling intervals for sim-
ulation cases. a Two tempera- 22

24

this case, the actual time was 391 min and the ratio was
1.25(489/391). Figure 1b demonstrates the ratios of 30
temperatures at intervals of 1 min.

Postmortem cooling simulations

Simulation results are shown in Fig. 2a—d according to the
conditions shown in Table 1. Additionally, Fig. 3 shows a
superimposition of Figs. 1a and 2a and the results suggest
that the error pattern shown in Fig. 1a is remarkably similar
to that in Fig. 2a.

Discussion

The measured values approximated a single exponential
function with a correlation coefficient of approximately
0.998475. This suggests that the starting time of cooling in
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Fig. 2 (continued)

Fig. 3 Superimposition
of Figs. la (subject case) and
2a (simulation cases)
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Fig. 4 Characteristics of the
error pattern
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the refrigerated room at constant temperature could be
calculated with less error using any two data points
recorded by the datalogger. However, the calculated results
varied widely and the estimation errors represented a
characteristic pattern: the longer the cooling interval, the
greater the error range (amplitude) and the greater the cycle
length (Fig. 4).

The estimation errors shown in Fig. la might have
resulted from measurement and/or calculation errors.
Measurement errors are classified into gross mistakes,
accidental errors, and systematic errors [14]. In this case,
the sensor was fixed in the external canal, and measure-
ments were taken under a constant environment in a
refrigerated room. Therefore, it seems unlikely that the
characteristic pattern of estimation errors was the result of
measurement errors. Calculation errors occur during
numerical calculations, and are mainly classified into
truncation errors and rounding errors [15]. It seems
unlikely that calculation errors were significant because
in this case, advanced scientific and engineering computa-
tion was not conducted. However, the characteristic pattern
seems to suggest an issue with rounding.

The thermometer resolution was 0.1°C; thus, it seems
possible that rounding errors occurred not in the calcula-
tions but in the thermometer readings; i.e., errors were
induced by differences between the thermometer readings
and the true temperatures. Therefore, we conducted
simulations while considering thermometer resolution in
which the true temperatures were rounded off at resolution
intervals and from these the cooling intervals were
calculated. According to metrology, a “true” value is said
to be notional except in a peculiar case and not to be
measured practically [16]. In this study, we defined the true
value as the temperature explained by Eq. 10 in this
simulation. All estimated intervals were plotted and

' The error patterns in Figs. la, 2a,b, and d are characterized as the
succession of the plot groups shaped “\”. The sizes of these groups
are expanded. In this article, the distance from the upper-left point to
the lower-right point along the transverse axis is defined as the cycle
length and along the vertical axis as the error range (amplitude).
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compared with the curve shown in Fig. la to determine
whether they matched. As shown in Fig. 3, Figs. 1a and 2a
overlapped, indicating that the error pattern observed in the
measured results (Fig. 2a) agrees closely with the rounded
true temperatures (Fig. 2a). Moreover, longer measurement
intervals (Fig. 2b), greater numbers of measurements (Fig.
2¢), and better thermometer resolution (Fig. 2d), resulted in
smaller estimation errors, causing the characteristic error
patterns in Fig. la to disappear.

From the results of these simulations, we conclude that
the cause of the characteristic pattern of the estimation
errors was a rounding effect of thermometer resolution. In
this case, temperature measurement started at 7 h after
death and the postmortem plateau stage was not taken into
consideration. There is one report where no plateau was
observed when measuring the postmortem fall of the outer
ear temperature [17], whereas, there are many reports on
the plateau of rectal cooling [12, 18-22]. Rounding errors
could occur during this stage; however, the postmortem
plateau shows that death has just occurred and that the
errors would have less influence in practical cases.

This study shows that the effects of rounding errors
caused by thermometer resolution cannot be neglected
even under constant environmental conditions. Of course,
in practical cases, changes in ambient temperature are
unavoidable and probably have a greater impact than the
resolution of the thermometer. However, the accuracy of
death time estimation will be synthetically influenced not
only by the environmental and body conditions but also by
measurement conditions, including thermometer resolu-
tion. Nokes stated that many recent methods to determine
the postmortem period require temperatures to be measured
to at least 0.1°C [23]. However, our study indicates that
rounding effects at a resolution of 0.1°C are able to
influence estimations of the postmortem interval, depend-



ing on measurement conditions and the algorithms of the
estimation.

The quantitative results of this study apply only to this
case. However, rounding errors can apply to any postmor-
tem cooling process, including rectal temperature. There-
fore, such errors should be considered when measuring
postmortem temperature. To eliminate such errors, we
propose the following:

(a) A thermometer with greater resolution should be used.

(b) The measurement interval should be as long as
possible.

(c¢) As many measurements as possible should be made,
and ideally, results should be recorded continuously.

Conclusions

Even under constant environmental conditions it is
inevitable that errors will occur during estimations of
postmortem intervals. These errors may be the result of
thermometer resolution; therefore, a method that minimizes
rounding errors should be considered.
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