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Abstract The purpose of the present study was to investigate
whether serous fluids, blood, cerebrospinal fluid (CSF), and
putrefied CSF can be characterized and differentiated in syn-
thetically calculated magnetic resonance (MR) images based
on their quantitative 77, T», and proton density (PD) values.
Images from 55 postmortem short axis cardiac and 31 axial
brain 1.5-T MR examinations were quantified using a quanti-
fication sequence. Serous fluids, fluid blood, sedimented
blood, blood clots, CSF, and putrefied CSF were analyzed
for their mean Ty, 7,, and PD values. Body core temperature
was measured during the MRI scans. The fluid-specific quan-
titative values were related to the body core temperature.
Equations to correct for temperature differences were gener-
ated. In a 3D plot as well as in statistical analysis, the quanti-
tative T, T» and PD values of serous fluids, fluid blood,
sedimented blood, blood clots, CSF, and putrefied CSF could
be well differentiated from each other. The quantitative 7 and
T, values were temperature-dependent. Correction of quanti-
tative values to a temperature of 37 °C resulted in significantly
better discrimination between all investigated fluid mediums.
We conclude that postmortem 1.5-T MR quantification is fea-
sible to discriminate between blood, serous fluids, CSF, and
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putrefied CSF. This finding provides a basis for the computer-
aided diagnosis and detection of fluids and hemorrhages.
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Abbreviations
AUC Area under curve
CSF Cerebrospinal fluid

MRI Magnetic resonance imaging
PMMRI  Postmortem magnetic resonance imaging
PMI Postmortem interval

RAI Radiological alteration index
ROC Receiver operating characteristic
ROI Region of interest

T Tesla

Tow T,-weighted

Tiw T-weighted

PD Proton density

TI Inversion time

TR Repetition time

TE Echo time

Introduction

Postmortem magnetic resonance imaging (PMMRI) has be-
come a useful adjunct tool to forensic autopsy [1-5]. In addition
to its recognized role in the depiction of soft tissue and internal
organs, MRI is effective in detecting fluid mediums when the
appropriate MRI sequences are used [6—8]. The identification
of the nature of the detected fluid medium is highly relevant
because it can be an indication of trauma or pathologic process-
es [9-15]. In conventional MR images, fluid mediums are
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recognized by their signal behavior in different MRI sequences.
For instance, fluid mediums appear hypointense in 7;-weighted
(T'w) sequences and hyperintense in 75-weighted (7T,w) se-
quences [16]. Sedimented blood, which can be found in hema-
tomas or hemorrhage effusions in body cavities in the living
and deceased, can be recognized easily by its typical two-
layered morphological appearance [17]. If blood is not
sedimented in the deceased, which occurs in the minority
of cases, it is harder to discriminate it from other fluids
such as serous fluids or bile in conventional MR images
[17, 18]. The image reader may still be able to discern
different fluid types, such as proteinaceous fluids and hem-
orrhages by different signal intensities in conventional im-
ages [19, 20]. This approach, however, is not always reli-
able. One approach to discern fluid types and blood reli-
ably may be the use of a recently implemented quantitative
MRI sequence. This particular sequence simultaneously
quantifies the 7 and T, relaxation times and proton densi-
ty of the imaged tissue, using a multi-slice saturation re-
covery turbo spin echo sequence with dual-echo acquisi-
tion. Based on the measured 77, 7>, and proton density
(PD) values, conventional T)-weighted, 7>-weighted, and
PD images can be synthesized with a free choice of echo
time (TE), repetition time (TR), and inversion time (TI).
Synthetic MRI images are similar to conventional MR im-
ages, hence allowing the user to work with MRI images
normally. The advantage of this technique, however, is that
quantitative measurements can be obtained from the same
dataset, where all images are intrinsically co-registrated.
The quantified parameters 7 (in ms), 7> (in ms), and PD
(in %, where 100 % is equivalent to pure water) can be
used to characterize fluids in an objective manner by mea-
suring and comparing the three different parameters
[21-24]. The purpose of the present study was to investi-
gate whether serous fluids, blood, cerebrospinal fluid
(CSF), and putrefied CSF can be differentiated and char-
acterized based on their quantitative 7', 75, and PD values.

Materials and methods
Study subjects

Blood, serous fluids, CSF, and putrefied CSF from 86 forensic
corpses (mean age 51+17.7 years, 44 males, 42 females) were
analyzed in a prospective study. The inclusion criteria were as
follows: corpses with collections of fluids within the lateral
brain ventricles, the thoracic cavities, and abdominal cavities
as well as the pericardial sac and the left and right heart ven-
tricles. Blood, serous fluids, and CSF were assessed only in
fresh corpses with a postmortem interval (PMI) of 1 to 4 days
(time between death and MRI scan). Putrefied CSF was
assessed in putrefied corpses. Putrefaction was determined
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when there were relevant external signs (brown- to green-
colored skin veins, ablation of external skin layers, and vesicle
formations of the skin) and internal signs of putrefaction. The
internal state of decomposition was determined with the
radiological alteration index (RAI) from Egger et al. using
whole-body computed tomography prior to PMMRI. Only
putrefied corpses with a RAI over 60 were included in this
study [25, 26]. The PMI of the putrefied corpses ranged from
3 weeks to 3.5 months.

MRI, temperature monitoring, and image analysis

For MRI scanning (Siemens Magnetom Symphony Tim
1.5 T), the corpses were wrapped in an artifact-free body
bag or a linen sheet. All subjects were scanned in supine
position. The MRI quantification sequence was a multi-slice
turbo spin echo (TSE) sequence, where each acquisition was
performed with two different echo-times, at 20 and 95 ms.
Four different saturation delays times were acquired, at 100,
400, 1100, and 2400 ms, using a TR of 2500 ms. The scan
time was 15 min for each brain or heart. In this setup, eight
different images were acquired, with different effects of 7' and
T, relaxation. The 7} and 7, relaxation, as well as proton
density (PD), was retrieved by a commercially available
post-processing tool (SyMRI Autopsy, SyntheticMR,
Linkdping, Sweden) [27]. The same software provided the
synthetic 7}-weighted, T>-weighted, and PD images for visual
support. Twenty to 24 cardiac short axis slices or brain slices
of 4 mm in thickness were acquired with a gap of 0.3 mm. The
use of the image data for the present study was approved by
the local ethics committee.

During the MRI scan, the corpse temperature was assessed
in real time with MR-compatible temperature probes that were
placed in the esophagus. The temperatures of the fresh corpses
ranged from 4-33 °C (mean temperature 19.3 °C, SD 6.9),
and the temperature of the putrefied corpses ranged from 16—
21 °C (mean temperature 22.7 °C, SD 4.8).

To obtain quantitative values of fluids, a total of five inde-
pendent and non-overlapping square regions of interest
(ROIs) were placed in three different slices of cardiac short
axis MRI images or axial brain MRI images (Fig. 1) by one
observer experienced in forensic imaging. The ROIs were
placed over the entire ventro-dorsal expansion of the fluid
collections. The sizes of the ROIs depended on the extensions
of'the fluid collections but were at least 0.5 cm in each square
dimension. In cases of visible segmentation, the upper and
lower layers were measured separately.

The quantitative 77, 75, and PD values of serous fluids,
blood, and CSF were 3D plotted and related to the body core
temperature of the corpse at the time of data acquisition.
Because of the low temperature range (1621 °C) of the pu-
trefied corpses, the putrefied CSF was not related to the body
core temperature.



Int J Legal Med (2015) 129:1127-1136

1129

Fig. 1 Synthetically quantified &
cardiac short axis 7,w MRI
image. Quantitative values (red
frame upper right corner) were
obtained by placing ROIs (yellow
arrow, example measurement
shown for a serous fluid
collection in the pericardial sac)
on detected fluid collections

SyMRI Heart 20 slices only
Slice thickness: 4.0 mm
Pos.: 35.2 mm

TR:4500.0

TE: 100.0

20130114, 0908020237500
Slice 9/20 ’

FOV: 300.0 mmL

The ThreeDify Excel Grapher Add-in for Microsoft
Excel® was applied to visualize clustering and separation of
blood, serous fluids, CSF, and putrefied CSF in 3D plots.

Macroscopic analysis of sampled fluids

Autopsies were authorized by the local authorities and per-
formed by forensic pathologists immediately after MRI scan-
ning or on the following day. The fluid mediums that were
measured in the MRI images were obtained at autopsy, and
their macroscopic appearance (viscosity, color, and clarity)
was examined immediately afterwards. Low viscosity fluids
that were light yellow to light red in color and clear or slightly
unclear in appearance were characterized as serous fluids in the
thoraco-abdominal compartments or CSF in the lateral brain
ventricles, respectively. Blood was characterized by its typical
red appearance and viscosity. Blood clots were characterized as
being compact or thickened blood formations of a red to yel-
lowish color within the right and left heart ventricles. Only
blood clots from the heart ventricles were assessed for this
study. The lower cellular layers of sedimented blood formations
were not considered blood clots. Fluids in the ventricles of
putrefied corpses that were dark red to black in color and un-
clear in appearance were characterized as putrefied CSF. In 7
cases of the 15 putrefied corpses, the macroscopic evaluation of
the fluids in the lateral ventricles was not possible because of
the highly softened or liquefied consistency of the brain tissues.

At autopsy, fluid mediums were obtained from the follow-
ing body cavities: serous fluids from the thoracic cavities

C:40.2W:75.9
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PD: 95.5 (3.7) pu
Value: 83.5 (4.0)

|
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(n=12) and the pericardial sac (n=13); fluid blood from the
right heart and left heart ventricles (n=12), sedimented blood
from the pericardial sac (n=2), thoracic cavities (n=6), ab-
dominal cavity (n=2), and left and right heart ventricles (n=
18); blood clots from the right and left heart ventricles (n=13);
CSF from the lateral brain ventricles (n=16); and putrefied
CSF from the lateral brain ventricles (n=15).

Generation of equations for temperature correction
and statistical analysis

Using Microsoft Excel®, linear equations were generated to
assess the 7)/temperature, 7-/temperature, and PD/temperature
relationships for each investigated fluid medium and blood clots.
Those equations were used to correct the values of 7}, 7>, and
PD: the according corpse temperatures were subtracted from
37 °C (A temperatures). A temperatures were applied in the
equations generated from the quantitative values/temperature
relation graphs to gain AT, AT, and APD. Those A values
were summated to the uncorrected 7}, 75, and PD values to gain
the temperature corrected values. Temperature corrections were
conducted for serous fluids, blood, blood clots and CSF to a
temperature of 37 °C. Due to the small body temperature ranges
of the putrefied corpses, no equations for putrefied CSF were
generated. Thus, no temperature corrections for the quantitative
T, T, and PD values of putrefied CSF were conducted.
SPSS® was used to analyze quantitative sample data of 77,
T,, and PD values. The samples were tested for normality
using the Kolmogorov-Smirnov test and the Shapiro-Wilk
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test. Both tests showed multiple samples that were not nor-
mally distributed. Paired Kruskal-Wallis tests were performed
to determine significant differences between the samples.
Bonferroni’s correction was performed to evaluate significant
differentiability of quantitative 77, 7,, and PD values between
serous fluids, fluid blood, sedimented blood, blood clots, CSF,
and putrefied CSF.

Using the MATLAB® software, the receiver operator char-
acteristic (ROC) curve approach was applied to give accuracy
of discrimination between the tested fluids. Accuracy was
measured by the area under the ROC curve (AUC) with the
traditional academic point system: 0.90—1=excellent; .80—
0.90=good; .70-0.80=fair; 0.60—-0.70=poor; 0.50-0.60=fail.

Results
Quantitative values/temperature relations

The quantitative values/temperature relations obtained in the
investigated cases were expressed by linear equations. Table 1
lists the linear equations generated for serous fluids, fluid
blood, sedimented blood, blood clots, and CSF. Individual
variations in the relationship between the change in tempera-
ture and the change in quantitative values were observed in all
investigated mediums. A temperature dependence was ob-
served mainly for the 7' and the 7, values of fluid mediums
as shown in the example of the plasma layer of sedimented
blood in Fig. 2. In the mediums that mainly consisted of red
blood cells (blood clots and the erythrocyte layer of
sedimented blood), 7, values did not exhibit a relevant tem-
perature dependence. The PD values were only minimally
influenced by temperature in all investigated mediums.
Temperature correction to a temperature of 37 °C resulted in
lower standard deviations in all investigated mediums.

Differentiation of blood, serous fluids, CSF, and putrefied
CSF with quantitative values

Table 2 shows the mean quantitative values (77 and 75 relaxa-
tion times as well as PD) obtained for serous fluids, fluid blood,

sedimented blood, blood clots, CSF, and putrefied CSF in 86
forensic cases. All fluid mediums except the putrefied CSF
(n=15) were correlated with body temperature at the time of
MRI scanning. Statistical analysis revealed that temperature
correction had no significant influence on the differentiability
of all investigated fluids. Quantitative values were plotted in a
3D-coordinate system and are depicted with and without cor-
rection for a temperature of 37 °C (Fig. 3). In the 3D plot as well
as in statistical analysis, the quantitative values of serous fluids
and CSF could be well discriminated from the values of fluid
blood, sedimented blood and blood clots. Putrefied CSF could
be differentiated from all other investigated fluid mediums. The
quantitative values of the serous fluids in the pericardial sac
clearly differed from those of the serous fluids in the thoracic
cavities in the 3D plot. The quantitative values of fluid blood,
sedimented blood, and blood clots were all distinguishable from
each other in the 3D plot as well as in statistical analysis.
Furthermore, the investigated blood fractions differed signifi-
cantly from blood clots (Fig. 3 and Table 3).

Discussion

In the present postmortem study, the synthetic MRI approach
was applied for the first time to investigate different fluids
within the body. Serous fluids, fluid blood, sedimented blood,
blood clots, CSF, and putrefied CSF could be well differenti-
ated from each other by their quantitative values of T}, 75, and
PD. This provides the basis for further promising applications
of quantitative MRI. Databases for quantitative values of 77,
7,, and PD of fluids can be established. As a result, a scale of
quantitative values for fluids can be created similar to the
Hounsfield scale in CT applications. Using quantitative data
from synthetic MRI applications also provides the basis for
automatic fluid detection and computer-aided diagnosis.
Synthetic MRI images can be loaded on a personal computer
with properly adapted software. Then, computer-aided diag-
nostics can be implemented based on established values of the
signal behavior of the fluid mediums [28-30]. For example,
blood could automatically be detected and encoded in color.
This could help the image reader detect hemorrhages and

Table 1  Linear equations for fluids and blood clots generated from the relation of 73, 75, and PD to body core temperature at the time of scanning as
obtained from 71 forensic cases

Fluid blood Blood plasma layer Erythrocyte layer Blood clot Serous fluids CSF
T/temperature T1=6.63x+507 T1=4.93x+562 T,=7.8x+449 T1=4.63x+454 T1=3.9x+819 T1=4.65x+585
T/temperature T7,=7.42x+159 T,=8.93x+239 T,=-1.05x+79 T,=1.69x+70 7,=23.01x+479 T7,=32.27x+418
PD/temperature PD=0.43x+74 PD=0.44x+82 PD=0.43x+68 PD=0.44x+66 PD=-0.59x+101 PD=0.19x+82

Due to small temperature ranges, no equations for putrefied CSF were generated. (7}: 7 relaxation time in milliseconds; 75: 7, relaxation time in
milliseconds; 7: body core temperature in °C; PD: PD in % related to pure water (100 %))
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Fig. 2 Sample plots of the 7; and 7, relaxation times and PD of the
plasma layer of sedimented blood vs. body core temperature at the time
of scanning. Note that there is a temperature dependence mainly for the T
and 7, values. It was assumed that the quantitative 73, 7>, and PD values

discriminate blood from other fluid mediums in the corpse.
The detection of blood collections may also be relevant in the
decision to perform postmortem CT-angiography to detect the
source of exsanguination [31, 32].

The temperature dependence of the quantitative values
challenges the postmortem synthetic MRI approach. In the
present study, this temperature dependence was observed
mainly for the 7 and T, relaxation times in serous fluids,
blood, and blood clots. Preliminary studies demonstrated a
temperature dependence of T relaxation times in blood. It
was shown that the 7 relaxation time correlated with rising

correlate linearly with rising temperature. Linear equations for
temperature correction are depicted on the upper right corner of each
table

temperature [33-39]. Our data confirmed a correlation be-
tween the 7' values and rising temperature. A new finding
we observed was a relevant 7, temperature dependence for
fluids as well. In forensic practice, corpses are scanned with
temperatures usually ranging between 0 and 40 °C. To com-
pare quantitative MRI data from different corpse scans, the
temperature dependence of the quantitative values has to be
taken into account. A valid comparison of different MRI scans
is possible only when the quantitative values gained from the
scans are corrected for temperature. Then, the temperature-
caused differences between individual corpses can be

Table2 Mean quantification values (7' and 75 in ms; PD in %) and 95 % confidence intervals (CI) of the investigated fluids and blood clots obtained

from 5 measurements in 86 forensic cases

Ty uncorrected (CI) T corrected T, uncorrrected (CI) T, corrected PD uncorrected (CI) PD corrected
to 37 °C (CI) to 37 °C (CI) to 37 °C (CI)
Fluid blood 659 (18) 805 (19) 492 (12) 472 (11) 82 (3) 90 (4)
Blood plasma layer 660 (27) 744 (24) 417 (29) 570 (31) 91 (6; 2) 99 (2)
Erythrocyte layer 608 (27) 742 (19) 57 (6) 39(5) 76 (2) 84 (2)
Blood clot 538 (26) 625 (19) 101 (12) 133 (11) 74 (3) 82 (3)
Serous fluids 752 (41) 746 (47) 850 (124) 1293 (107) 92 (3) 81 (6)
CSF 695 (43) 757 (22) 1052 (151) 1612 (27) 86 (5) 89 (5)
Putrefied CSF 578 (22) - 231 (17) - 92 (4) -

Data are presented with (except for putrefied CSF) and without correction to 37 °C
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equalized. In the present study, linear equations to correct for
the temperature dependence of 7;, 7,, and PD quantitative
values of fluid mediums to 37 °C were introduced. The cor-
rection of quantitative values to 37 °C resulted in slightly
better discrimination between the fluid mediums in the 3D
plot as well as in the statistical analyses, which supports the
assertion that temperature correction is needed.

The present study has several limitations. Measurements
were taken by only one observer, and no statistical reproduc-
ibility analysis of quantitative value measurement was con-
ducted. It is likely to expect that there would be a variability
of quantitative values between different observers. However,
the conducted measurement technique is relatively easy to
perform and the results of the present study rather do not
indicate that the expected inter observer variability would
have relevant influence on the differentiability of fluids.
Furthermore for some fluids, only small numbers could be
assessed. To create databases with regular quantitative 77,
75, and PD values for different fluids and blood, a larger num-
ber of cases will be required. Additionally, the investigated
fluids and blood were not examined histologically or chemi-
cally. We observed differences in the quantitative values of
serous fluids in the pericardial sac compared with serous fluids
in the thoracic cavities and CSF in the lateral brain ventricles.
It can be assumed that different protein densities and cellular
impurities are responsible for the differing quantitative values
in serous fluids and CSF [26, 40-42]. The possibility of de-
tecting changes in cellular components and protein density in
serous fluids and CSF based on quantitative values may be of
relevant interest because a measurable change in the chemical
composition of fluids may be a noninvasive indicator of path-
ologic conditions such as inflammation or tumors. It is note-
worthy that quantitative MRI is not the only promising ap-
proach to discern various fluid types. Clinical studies showed
that it is possible to differentiate serous and purulent infectious
fluids by means of diffusion-weighted MRI [43, 44]. Other
approaches such as the application of magnetization transfer
ratio and NMR spectroscopy are also potentially feasible to
discriminate different fluids types [45—48].

Interestingly, we were able to observe that differentiation
between the cellular layers of sedimented blood and blood
clots was possible based on their quantitative values. This
may be explained by different contents of proteins in the co-
agulation cascade, activation of platelets and platelet factors,
and arrangement of cellular components within the cellular
layer of sedimented blood compared with blood clots. If quan-
titative MRI is feasible for detecting different protein contents
in mediums consisting mainly of blood cells, it might also be
used to differentiate between vital thrombi and postmortem
blood clots. So far, the gold standard for recognizing a vital
thrombus is histologic diagnosis based on the layered arrange-
ment of cellular components and the existence of cross-linked
fibrin meshes [42, 49]. Jackowski et al. demonstrated that
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Fig.3 Three defined views (PD/T view, T,/T; view, and PD/T, view) on | 2
a 3D plot of fluids and blood clots based on 7; and 75 relaxation times and
PD. Values are depicted as not corrected for temperature (a) and corrected
for a temperature of 37 °C (b). The serous fluids from the thoracic cavities
and pericardial sac are depicted with different colors. Note that the
clusters of CSF and serous fluids on the one hand and fluid blood and
sedimented blood on the other hand can be well differentiated from each
other. The depicted values corrected for a temperature of 37 °C allow for
better discrimination between the single fluids, which can be seen best in
the 77/T5, and PD/T, views. Putrefied CSF can be differentiated from all
other investigated fluids in the plots that were not corrected for
temperature (due to small temperature ranges, putrefied CSF was not
corrected for temperature)

conventional unenhanced 3-T MRI is also feasible for detect-
ing pulmonary thromboembolism via the changes in signal
intensity of thrombi in conventional MRI images [50].
However, diagnosis of pulmonary thromboembolism in con-
ventional MRI images is always challenging and often incon-
clusive. Further investigations that compare quantitative
values of vital thrombi and postmortem blood clots are
necessary.

For the first time, quantitative values of putrefied fluids
were evaluated. Based on their quantitative values, the inves-
tigated putrefied fluids in the lateral brain ventricles could be
clearly differentiated from the CSF in the lateral brain ventri-
cles as well as from all other investigated fluids of fresh
corpses. However, the quantitative values of putrefied
thoraco-abdominal fluids were not assessed. It may be possi-
ble that these values differ from the putrefied CSF values due
to differing tissue compositions of thoraco-abdominal organs
and fluids [42]. If the quantitative values of putrefied fluids are
known entirely, they may be used to discriminate the fluids from
relevant forensic ante mortem pathologies. The results of the
present study indicate that, for example, antemortem hemor-
rhages in putrefied corpses could be detected and characterized
based on their quantitative values. Further investigations and
assessment of putrefied brain tissues as well as of putrefied
thoraco-abdominal organs, fluids, and pathologies are necessary.

A 1.5-T MR scanner was used for the present study.
Because the relaxation times depend on the strength of the
magnetic field, it is reasonable to expect that the use of MR
scanners with different magnetic field strengths, such as 3 T,
will result in different quantitative values for 7 and 7 for the
same fluids and temperatures [16]. Therefore, it is inevitable
that the quantitative values of the relaxation times of fluids
have to be adapted not only to different temperatures but also
to different magnetic field strengths.

Conclusions

Postmortem 1.5-T MR quantification using a combination of
the relaxation times of 7', and 7, and the PD value allows for
reliable discrimination and characterization of serous fluids,
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fluid blood, sedimented blood, blood clots, CSF, and putrefied
CSF. The quantification approach allows for computer-aided
detection and diagnosis of hemorrhages. The quantitative
values of mainly 77 and 7, were temperature dependent.
Equations to correct for the temperature dependence at 1.5 T
have been introduced.
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