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ARTICLE INFO ABSTRACT

Keywords: Japanese individuals have a unique culture of soaking in a bathtub, and forensic pathologists have experienced
Lung tissue fatal cases due to drowning. However, T1 and T2 relaxation times of a drowning lung are poorly documented.
Pulmonary

In the present study, we investigated the relationship between drowning water temperature and T1 and T2
relaxation times of drowning lung tissues at 9.4 T MRI (Bruker, BioSpec94/20USR). The mice used as animal
drowning models were directly submerged in freshwater. Water temperature was set to 8 °C-10 °C (cold),
20 °C-22 °C (normal), 30 °C, and 45 °C. The regions of interest (ROIs) on the axial section of the third slice were
set at the central and peripheral areas of each—the left and the right—lung. T1 relaxation times measured
immediately after death differed by the presence or absence of soaking water, except in case of cold water
temperature. In the drowning groups, T1 relaxation time showed a linear dependency on water temperature. By
contrast, T2 relaxation time was almost constant regardless of the presence of drowning under the same tem-
perature condition; when compared in the lung areas of the same individuals, the times were uniformly reduced
in drowning models. To minimize the effects of hypostasis and decomposition, we performed measurements
immediately after death and were able to determine the noticeable difference in drowning water temperature.
These results may be useful for qualitative assessments of a drowning lung and may serve as a basis when im-
aging the human body during forensic autopsy cases.

T1 relaxation time
T2 relaxation time
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Drowning
Forensic

relaxation time depends on tissue types [9]. Furthermore, the theory has
been applied in postmortem magnetic resonance imaging (MRI) study.
Previous studies have reported that T1 relaxation time exhibits a linear

1. Introduction

Recently, nuclear magnetic resonance (NMR) relaxation measure-

ments have facilitated the visualization of the changes in the lung tissues
caused by gravitation [1], respiration [2], lung injury [3], or clinical
pulmonary disease [4,5]. The Bloembergen-Purcell-Pound theory de-
scribes that changes in T1 and T2 values are primarily related to changes
in temperature [6]. To date, the NMR theory has shown that T1 relax-
ation time exhibits a simple linear relationship with the temperature,
that T2 temperature dependence is relatively small [7,8], and that T2

dependency on the temperature in the human brain at 3 T [10] and that
areduction in body temperature after death causes changes in T1 and T2
values in the human liver at 1.5 T [11]. Pulmonary T1 relaxation in vivo
depends on respiratory factors; sex and age [12]; spatial variation
caused by gravitational effects; slice positioning; and ROI selection [13].
However, the effect of the temperature of water aspirated immediately
before drowning on the lung tissue during a postmortem MRI at 9.4 T

Abbreviations: NMR, nuclear magnetic resonance; MRI, magnetic resonance imaging; TE, echo time; ROI, region of interest’ Control, non-drowning sudden death
model made by cervical dislocation; Cold, cold water temperature drowning model; Normal, normal water temperature drowning model; Warm, lukewarm water

temperature drowning model; Hot, hot water temperature drowning model.
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remains unclear.

Forensic pathologists have experienced several fatal cases due to
drowning, with drowning becoming one of the most common causes of
death among the Japanese population. Particularly, Japanese in-
dividuals have a unique culture of soaking in a bathtub; hence, “bathtub
drowning” is common in this population [14,15], and Japan has the
highest drowning mortality among the countries of the Organization for
Economic Co-operation and Development [16]. For drowning victims,
the temperature of the aspirated water is a critical component of post-
mortem forensic investigation and is particularly important when MRI
assessment is used to classify drowning as the cause of death. In Japan,
several individuals indulge in the cultural habit of soaking in a bathtub
that incorporates a wide range of water temperatures. Accordingly,
changes in lung tissues caused by water aspiration into the airway can
vary based on the temperature of the aspirated water. In this study, we
provide basic T1 and T2 values of drowning lung tissues at a various
water temperatures.

Forensic pathologists have focused on the type of water (fresh or
saltwater) [17-19] and have reported experiences of drowning lung
images on postmortem computed tomography [20,21] and pathological
analysis [22]. By contrast, the T1 and T2 relaxation times of a drowning
lung are poorly documented, and the ways in which the temperature of
inhaled water affects drowning lung tissues remain to be elucidated. In
the present study, we aimed to measure the T1 and T2 relaxation times
of the lung tissue in a drowning mouse model at 9.4 T, focusing on water
temperature during drowning, which was associated with the changes in
lung relaxometry. We simulated the drowning taking into consideration
that the water content of the lung would continue to increase. By
changing only the water temperature of the aspirated water, we hy-
pothesized that there was a relationship between pulmonary T1 relax-
ation and temperature the water aspirated immediately before death.

The lung parenchyma has physiological characteristics different
from that of the brain and liver. The two most important properties of
the lung tissue in pulmonary MRI are as follows: the low density and the
susceptibility differences between the tissue and air. In healthy human
lungs, the tissue density is 0.1 g/cm®, which is approximately 10-fold
lower than that in other tissues [23]. According to the theory MRI
signal formation, which is directly proportional to the tissue proton
density, pulmonary MRI signal is approximately 10 times weaker than
that of adjacent tissues. Therefore, we focused on the condition of the
drowning lung caused by the inflow of water into the alveoli. By forcibly
creating a state with a high proton density, a pulmonary MRI would be
possible and easier. In our experiment, we used a high-field 9.4 T MRI
system and powerful gradient systems to adapt to pulmonary MRI. Here,
we aimed to examine the T1 and T2 relaxation times of the lung tissues
in a drowning mouse model at 9.4 T.

2. Materials and methods
2.1. Animals, anesthesia, and experimental drowning model

All procedures were reviewed and approved by the Institutional
Animal Care and Use Committee of the University (No. 2018-058C1)
and conformed to the Guidelines for the Proper Conduct of Animal Ex-
periments of the Science Council of Japan (2006). We obtained male-
specific pathogen-free C57BL/6JJmsSlc mice from Sankyo Labora-
tories (Tokyo, Japan). Mice aged 8-12 weeks were used in the experi-
ment, and their weight ranged from 19.2 to 25.9 g (mean: 22.9 g). The
total number of mice used was 80. All mice were bred under a controlled
temperature (22 °C + 2 °C) with a 12-h light/dark cycle (lights on, 7 a.m.
to 7p.m.). The humidity was controlled at 45%-65%. The mice were fed
with rodent diet CE-2 from CLEA (Tokyo, Japan) and had access to water
ad libitum. Three types of mixed anesthesia were administered via an
intraperitoneal injection (10 pg/g body weight): 0.3 mg/kg of medeto-
midine, 4.0 mg/kg of midazolam, and 5.0 mg/kg of butorphanol [24].

At 15 min after anesthetic administration, all mice were confirmed to

Legal Medicine 49 (2021) 101836

be in deep coma with the loss of pedal withdrawal reflex. At this time,
their rectal temperature was measured and it ranged from 29.8 °C to
31.5°C (mean: 30.5 °C). During the experiment, the mouse was held in a
prone position and placed in a 50-mL laboratory tube with both ends cut
to ensure that the mouse’s nose and mouth were completely submerged
in 4.5 cm deep water bath containing tap water. Under deep anesthesia,
the mouse’s entire body was soaked for 2 min [25]. After 2 min of
drowning, the mouse was removed from the bath. All mice had already
drowned at the time of removal from the bath.
All mice were classified into 5 groups (n = 10 in each group):

Group I (non-drowning sudden death model, control): mice killed by
cervical dislocation unrelated to drowning;

Group II (cold water drowning model, cold): water temperature set
up at 8 °C-10 °C assuming the temperature in the river during
winter;

Group III (normal temperature drowning model, normal): water
temperature set at 20 °C-22 °C as room temperature;

Group IV (lukewarm drowning water, warm): water temperature set
at 30 °C, which was approximately the same as the rectal tempera-
ture immediately before drowning;

Group V (hot water drowning, hot): water temperature set at 45 °C,
which was the same at that of a hot bath.

2.2. Postmortem temperature condition

According to the relaxation theory, the temperature is a critical
modulator of T1 and T2 relaxation times. Body temperature begins to
decrease immediately following death, and due to technical limitations,
it is not possible to monitor rectal temperature during imaging. As an
alternative method, we created a drowning mouse model (which is
different from that used for imaging) under the same experimental
conditions. Temperature monitoring was performed immediately after
death to eliminate the effects of postmortem changes.

Each animal was dissected immediately after death to measure the
lung and rectal temperatures and to sample the lung tissues. The chest of
the mouse was dissected open, and the lung temperature was measured
via the insertion of a probe between the lobes of the right lung. Rectal
temperature was simultaneously measured. Both lungs were then
sampled and weighed.

For continuous monitoring of rectal temperature, we placed each
animal in a 50-mL laboratory tube and wrapped a towel around the tube
to mimic a system coil. The mouse was then left in a laboratory having
the same environmental conditions as the MRI room. Rectal temperature
was continuously monitored at 1-min intervals for 1 h. The endpoint was
set at 1 h because we assumed that this was the time required for
continuous measurement of T1 and T2 relaxation times. In addition to
the aforementioned technical limitations, lung and rectal temperature
monitoring were not simultaneously performed as the actual measure-
ments of T1 and T2 relaxation times because lung temperature moni-
toring required opening the chest of mice. It is likely that this process
would cause a faster decrease in body temperature and impact the re-
sults of our experiments.

2.3. MRI protocol and setting the regions of interest

After removal from the bath, the body of all mice was quickly blotted
dry. Each animal was placed in prone position in a 50-mL laboratory
tube, and the T1 and T2 relaxation times of the lung tissue were
measured immediately after death. Measurements were performed with
the 9.4 T BioSpec 94/20 (Biospin GmbH, Ettlingen, Germany) with high-
power gradient magnetic field (maximum strength: 300 mT/m) using
40 mm quadrature detection system coil. The T1 and T2 mappings were
obtained from each animal. For T1 mapping, rapid acquisition with
relaxation enhancement was used with the following parameters: TR =
200/320/512/819/13 ms, TE = 5.9 ms, flip angle = 90°, number of
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averages (NA) = 2, and scan time = 20 min and 34 s. For T2 mapping, a
multiple spin-echo sequence was used with the following parameters:
TR = 3000 ms; TE = acquires 20 echo at 6.5 ms intervals, with 6.5 ms as
the first echo; flip angle = 90°; NA = 2; and scan time = 6 min and 24 s.
The resolution was set at 0.375 x 0.375 mm in all cases.

The coronal cross-section from the height of the tracheal bifurcation
to the bottom of the lung was selected for sectioning (slice thickness: 1
mm; number of acquisitions: 6). The third slice from the bottom of the
six segments was used for relaxometry because the lung field in the axial
section of the level was most widely observed (Fig. 1).

After measurements of relaxation time maps, the regions of interest
(ROIs) were set as a circular area measuring 2.55 mm? in the lung at four
points: ROI1, peripheral area of the left lung; ROI2, central area of the
left lung; ROI3, central area of right lung; and ROI4, peripheral area of
right lung. Four ROIs were performed because the central region con-
tained more thick blood vessels than the trachea [26]. In addition, hy-
perventilation and impaired expiration caused alveolar inflation
accompanied by pulmonary congestion during the dynamic asphyxia of
drowning [27]. Therefore, a peripheral ROI was chosen as a region that
contained greater amount of lung parenchyma for evaluation. For a
simple assessment of the relaxation time in the drowning lung, excluding
the effect of gravitation and hypostasis, peripheral ROI was set at the
same height as central ROI in the axial section. Therefore, the mea-
surement region of lung relaxometry was determined to consider various
conditions such as alveolar size, oxygen enhancement, and water and
blood content.

To observe changes in the T1 and T2 relaxation times caused by
drowning and water temperature in each animal, T2 relaxation time was
continuously measured after the measurement of T1 relaxation time.
Examples of the relaxation time course of a representative mouse from
each group are shown in Fig. 1.
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2.4. T1 and T2 relaxation times of water using four water temperature
groups

By circulating water at each temperature around a water-filled tube,
we measured T1 and T2 relaxation times of water itself using four water
temperature groups employing the same MRI protocol. We hypothesized
that this experiment would help demonstrate the effect of aspirated
water temperature on T1 and T2 relaxation times of the lung tissue.

2.5. Statistical analysis

All statistical analyses were nonparametric and performed using R
software version 3.6.2. [R Core Team (2019). R: A language and envi-
ronment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. URL https://www.R-project.org/]. T1 and
T2 relaxation times of the lung tissue were determined using the same
ROIs. T1 and T2 values were expressed as arithmetic mean value +
standard error separately for the central and peripheral regions. First,
the central and peripheral regions were compared using Wilcoxon
signed-rank test (p < 0.05, paired, two tailed). In multiple comparison of
five groups, pairwise t-test on R 3.6.2 was applied with p-value adjusted
by Bonferroni correction (p < 0.05). A p-value of < 0.05 was considered
statistically significant. A Spearman’s rank correlation coefficient was
used to assess the temperature dependence of T1 relaxation time.

3. Results

MRI was successfully performed in all mice and used to measure the
T1 and T2 relaxation times of the lung tissue.

3.1. Time schedule for imaging and reduction in the postmortem body
temperature (Fig. 2)

Fig. 2a shows the relationship between the lung and rectal
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Fig. 1. Example photograph of HighResoT2Wls (top) and T1 (middle) and T2 (bottom) relaxation time maps. From the left, the cause of death of the mouse is
control, cold, normal, warm, and hot water. The color maps of T1 and T2 are superimposed on the T2WI, and the color range is adjusted for contrast in the relaxation
time range shown on the right bar. Coronal image (upper right) shows the number of acquisitions: 6. Axial image (middle right) shows the ROIs. In the photograph of
high-resolution T2WIs, growing aspirations are shown moving into the bronchi and alveoli.
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Fig. 2. Time schedule for imaging and reduction in the body temperature of dead mice. Because of the technical limitations of our device, it was impossible to
measure T1 and T2 relaxation times while monitoring the lung and rectal temperatures; hence, we performed a simulation of postmortem decrease in a mouse body
temperature with an individual other than the one actually used in the measurement of T1 and T2 relaxation times. Fig. 2a shows the relationship between the lung
and rectal temperatures within the same individual immediately after drowning. In each group, no significant difference was observed at either temperature (paired t-
test), although we considered that the lung temperature could be approximated by the rectal temperature. Fig. 2b shows our experimental time schedule and
postmortem rectal temperature drop. All measurements were performed within the same time as this simulation, and the rectal temperature at the time of mea-

surement is almost the same as that shown in this graph.

temperatures immediately after drowning. The mouse used for this
measurement was different from that used for imaging. This result
suggested that the temperature of the drowning lung can be approxi-
mated to the rectal temperature as the core body temperature. Fig. 2b
shows the decrease in this rectal temperature after death and time
schedule for imaging.

3.2. T1 and T2 values of water using four water temperature groups
(Table 1)

We measured a basic value of water itself with 10 °C, 20 °C, 30 °C,
and 45 °C using the same MRI protocol for lung tissues.

3.3. Comparison of central and peripheral regions (Fig. 3)

Initially, in control unrelated to drowning, T1 and T2 relaxation
times showed no significant differences between the central and pe-
ripheral regions. Similarly, no significant differences were found on T1
relaxation time of the remaining four groups. However, in all drowning
groups (cold, normal, warm, and hot), T2 relaxation time showed sig-
nificant differences between the central and peripheral regions [p value
=4.77 x 107> (cold), 1.91 x 107° (normal), 1.91 x 107° (warm), and
1.91 x 107° (hot)] (Fig. 3). Peripheral values were evidently lower than
the central values.
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central values. These changes are characteristics of drowning groups. This statistical analysis was confirmed by Wilcoxon signed-rank test (p < 0.05, paired,

two tailed).
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3.4. Lung T1 in multiple comparison of five groups (Fig. 4a and b)

On comparing based on the presence or absence of drowning, on
both central and peripheral regions, T1 relaxation time showed no sig-
nificant differences between the control and cold groups. Particularly,
the control and other drowning groups showed significant differences.
On the central region, control versus normal yielded a p-value of 0.026;
control versus warm, p-value of 3.6 X 10~* and control versus hot, p-
value of 2.5 x 10~°. On the peripheral region, control versus normal
yielded a p-value of 0.0018; control versus warm, p-value of 2.3 x 107>,
and control versus hot, p-value of 4.5 x 10714,

Regarding each drowning group, on the central region, cold-warm,
cold-hot, and normal-hot indicated significant difference compared
with control (p = 0.0073, 1.2 x 1077, and 0.0013, respectively). Other
combinations showed no significant difference.

On the peripheral region, the result was similar to those on the
central region but had a change in warm-hot (cold-warm, cold-hot,
normal-hot, and warm-hot: p = 0.0014, 9.1 x 10712, 4.7 x 10’6, and
45 x 1074 respectively).

3.5. Drowning water temperature dependency of lung T1 relaxation time
(Fig. 5)

In drowning groups, lung T1 relaxation time showed a tendency to
increase with changes in drowning water temperature (Fig. 5). On both
the central and peripheral regions, T1 relaxation time showed a linear
dependency on drowning water temperature. The central region of T1
demonstrated a Spearman’s rank correlation of 0.63 (p < 0.0001),
whereas the peripheral region demonstrated a correlation of 0.75 (p <
0.0001).

3.6. Lung T2 in multiple comparison of five groups (Fig. 6a and b)

On comparing based on whether drowned or not, unlike the change
in T1 relaxation time, T2 relaxation time on the central region showed
no significant differences between the control and other drowning
groups. On the peripheral region, control and all drowning groups
showed significant differences (control-cold, control-normal, con-
trol-warm, and control-hot: p = 1.0 X 1078, 0.0012, 0.0011, and
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0.0018, respectively).

Regarding each drowning group, on the central region, cold-normal
and cold-hot indicated significant difference (p = 0.0019 and 0.0018,
respectively). Other combinations had no significant differences. Addi-
tionally, on the peripheral region, there were no differences in any
combination.

Importantly, in T2 relaxation time, attention should be paid to the
change from central to peripheral regions in the drowning groups. As
shown in Fig. 3, in control, there were no significant difference between
central and peripheral T2 values. However, in all drowning groups,
peripheral values were evidently lower than the central values. There-
fore, in the peripheral region of T2, it was natural that there was a
significant difference between the control and each drowning group.

3.7. Autopsy findings and lung weight (Table 2)

Gross autopsy showed pulmonary hyperinflation in all drowning
groups; however, no gross differences were found between control and
drowning groups. After autopsy, lungs from all groups were sampled and
weighed and the weight of both lungs per body weight was compared.
The control and all drowning groups showed significant differences (p <
0.05). No significant difference was found in each drowning group.

3.8. Histopathology (Fig. 7)

Histological analysis for one murine lung of each group is shown in
Fig. 6. Compared with control, each drowning group showed destruction
or expansion of peripheral alveolar septa; however, it was only consid-
ered as a drowning lung finding, which was not specific. Furthermore,
hematoxylin-eosin staining, which is the simplest and most common
staining method, did not show histological differences depending on the
temperature of the drowning water.

4. Discussion

Our study aimed to evaluate the relationship between drowning
water temperature and T1 and T2 relaxation times of the drowning lung
tissue at 9.4 T MRI. In the case of obtaining measurements immediately
after death, the values of T1 relaxation time differ by the presence or
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Fig. 4. Multiple comparison of lung T1 values on the central region (Fig. 4a) and peripheral region (Fig. 4b). The details of each p-value are shown in the text 3.2. On
both regions, when the temperature of drowning water is low, it is not possible to distinguish the presence or absence of water suction in the T1 relaxation time. In
drowning groups, the difference in the T1 relaxation time was clearer as drowning water temperature increases. Statistical analysis was confirmed by pairwise t-test

on R 3.6.2 with p-value adjusted by Bonferroni correction (p < 0.05).
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Drowning water temperature dependency of T1
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confirmed by pairwise t-test on R 3.6.2 with p-value adjusted by Bonferroni correction (p < 0.05).

absence of soaking water, except for cold (Fig. 4a and b). Furthermore,
following drowning, T1 relaxation time showed a linear dependency on
water temperature (Fig. 5). By contrast, the values of T2 relaxation time
were almost constant regardless of the presence of drowning under the
same temperature condition; however, when the central area was
compared with the peripheral area of the same individuals, they were
found to be uniformly reduced in drowning models (Fig. 6a and b).

In practice, only the warm group can be an exact contrast to control.
Because the temperature conditions of these two groups were almost the
same, it could be evaluated only from this result whether inhaled water

affected relaxation time. The difference between control and warm is
clear, which may be due to the significant increase in water content
caused by water aspiration. Considering the T1 value of water at each
temperature (Table 1), we assessed that T1 relaxation time of the
drowning lung tissue reflected on the water temperature and was sen-
sitive to the effect of the water content.

Interestingly, in the case of cold, the T1 values were not distin-
guishable from control. Using gross autopsy, we confirmed that no dif-
ference in each drowning group was found in the weight of lung per
body weight (Table 2). This result suggested that the drowning water
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Histopathology

Control

Normal

Fig. 7. Pulmonary histopathology (40x magnification, hematoxylin-eosin). Compared with control, every drowning group shows a destruction or expansion of
peripheral alveolar septa, but it was only considered as a drowning lung finding, which was not specific. No characteristic findings were observed depending on the

drowning temperature.

Table 1

T1 and T2 values of water with drowning temperature.
Water temperature T1 [ms] T2 [ms]
10°C 1802.7 + 74 504.8 + 30.2
20°C 2073.7 £ 25.5 486.9 + 34
30°C 2489.4 £+ 24.2 454 + 34.2
45°C 3026.5 + 27.1 392.7 + 29.2

Mean + SE

Table 2

Left and right lung weight of control and drowning groups.

Left lung weight (mg) Right lung weight (mg)
Control 53.5 + 8.8 93.1 £3.5
Cold 151.8 + 8.3 194.7 + 3.9*
Normal 137.7 + 4.8* 169.6 + 7.3*
Warm 137.9 + 7* 164.7 + 15.1*
Hot 141.5 + 12.7* 217.7 £16.1%
Mean + SE

* p < 0.05, compared with control group

temperature in our study did not affect the amount of water flowing into
the alveoli. Therefore, we considered that a cause of the similar T1
values was not the amount of aspirated water. According to the relax-
ation theory, T1 relaxometry depends on the radius of the molecules, the
distance between the spins of a molecule, and the viscosity of the me-
dium [28]. Moreover, the viscosity of water is closely related to tem-
perature, and its viscosity decreases as the temperature increases. By
contrast, the NMR theory proposes that T1 in the liquids ordinarily de-
creases with increasing viscosity [6]; our results support the latter
theory.

Indeed, in forensic practice, pre-dissection body is refrigerated after
death and during transport to prevent it from decay, and these

temperature conditions are likely to change the T1 relaxation time;
therefore, it may not be realistic to assume that a cadaver can be imaged
using MRI while it is still warm/cold from drowning. The result that the
T1 value of control is indistinguishable from cold has the potential to
provide useful data when matched to actual forensic conditions and
warrants further study.

As for T2 relaxation time, a previous study suggested that the
regional variations in pulmonary T2 relaxation time may be useful for
the characterization of pulmonary diseases [29]. In our study, the T2
values of the four drowning groups were considered unique and indi-
cated partial changes within the same individual. Control did not show
this change, although it may be due to drowning. Changes in the values
in the peripheral region were remarkable when compared within the
same individual as well as between the control and four drowning
groups. Hyperinflation via water aspiration may cause excessive airflow
to the peripheral alveoli, resulting in a decrease of T2 values. Despite
using the same MRI protocol, T1 and T2 values of the lung tissue were
lower than that of water with the four temperature groups (Table 1),
which may reflect the characteristic of air-rich lung tissue.

Regardless of the area in T1 relaxation time, in the central region of
T2 relaxation time, it was easy to distinguish between hot and cold. Hot
condition was a model of “bathtub drowning,” whereas cold condition
simulated the situation of drowning in the river in winter. In forensic
cases, we must often determine the possibility that the location of
drowning is different from the place where the cadaver was found. At
least in our experiments, because the measurement was obtained
immediately after death to minimize the effects of decay, T1 and T2
relaxation times in the lung tissue helped to clarify the remarkable dif-
ference in drowning water temperature.

A limitation of our study is measuring T2 relaxation time after T1
relaxation time to observe the changes in the central and peripheral
regions in the same individual. The imaging time itself is short because
of the use of the 9.4 T MRI; however, T2 relaxation time may not be
evaluated as the value immediately after drowning. Body temperature
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was decreasing at the start of the T2 measurement, (Fig. 2), rendering it
challenging to evaluate T2 temperature dependence. According to the
NMR theory, T2 relaxation time depends on tissue types [9]; our results
may follow this theory.

For an accurate forensic assessment, various factors that cause
postmortem changes, such as water temperature, body position,
decomposition, and autolysis with time elapsed after death, should be
included in the analysis. It is essential to consider the effect of hypostasis
in postmortem lung imaging. In our study, we set peripheral ROI at the
same height as the central ROI in the axial section because the ROI in
this animal experiment is quite small to evaluate the gravitational effect.
By positioning the central and peripheral measurements at the same
height, it became possible to assess the T1 and T2 relaxation time,
excluding the gravitational effect.

Our results can only claim differences between non-drowning sud-
den death and drowning at several water temperatures at a fixed time
point with respect to death. This study only provides data on the rela-
tionship between drowning water temperature and T1 and T2 relaxation
time of the lung tissue immediately after death; the effect of postmortem
time interval on relaxation time is not pursued here. However, as Hyo-
doh et al. reported that the lung hypostasis of postmortem CT presented
differently in individual causes of death and depended on the post-
mortem time [30] as well as on postmortem lung MRI, the influence of
time interval and the effect of hypostasis should be examined in detail in
the future.

Thayyil et al. reported that postmortem MRI is useful for the evalu-
ation of fetal and pediatric deaths [31,32] and that the diagnostic
assessment by postmortem MRI in fetuses and children is as accurate as
conventional autopsy [33,34]. Recently, they reported the degree of
maceration with a whole-body fetal postmortem MRI and showed that
increasing maceration was correlated with the prolongation of T2 values
in the liver and lungs at 1.5 T [35]. We suppose that the changes caused
by maceration are likely to be similar to those that occur in bodies
drowned in water over time. Although our research will require the
concept of time lapse according to actual forensic events, if we develop it
further based on previous reports, it may be possible to apply the
measurement of T1 and T2 relaxation times at 9.4 T MRI to better un-
derstand the tissue degeneration that occurs during postmortem
changes.

5. Conclusion

Temperature dependency of T1 relaxation time was maintained in
the lung tissue immediately after drowning. Particularly, it was possible
to clearly distinguish the drowning water temperature between bathtub
drowning model and winter river drowning model. Despite the inhaled
water temperature being unknown, the change of T1 relaxation time
may be useful when distinguishing between cold and hot water aspira-
tions. This investigation provides baseline values of drowning lung tis-
sues. Moreover, the T2 relaxation time could reflect the characteristics
of a drowning lung tissue. These results may be useful for the qualitative
assessments of drowning lung and can serve as a basis when imaging a
human body in forensic practice.
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