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Table S1. Case profiles 

 

Number Cause of death Gender Age, years PMI, hours Allergens 

1 Fatal anaphylactic shock Female 45 <12 Cephalosporin 

2 Fatal anaphylactic shock Male 34 <12 Cephalosporin 

3 Fatal anaphylactic shock Female 73 <12 Cephalosporin 

4 Fatal anaphylactic shock Female 37 <12 Cephalosporin 

5 Fatal anaphylactic shock Male 73 <12 Bone peptide 

6 Fatal anaphylactic shock Male 27 <24 Cephalosporin 

7 Fatal anaphylactic shock Female 52 <12 Lincomycin 

8 Fatal anaphylactic shock Female 25 <6 Cephalosporin 

9 Mechanical asphyxia Female 42 <48 - 

10 Mechanical asphyxia Female 35 <12 - 

11 Mechanical asphyxia Male 16 <24 - 

12 Brain injury Male 27 <24 - 

13 Brain injury Male 30 <24 - 

14 Brain injury Male 48 <24 - 

15 Brain injury Male 19 <24 - 

16 Brain injury Male 40 <12 - 

17 Acute cardiac death Female 55 <12 - 

18 Acute cardiac death Male 65 <12 - 

19 Acute cardiac death Male 53 <12 - 

20 Acute cardiac death Female 81 <12 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S2. The main postmortem investigation results pertaining to the cases 

 Medical history and 

circumstance of death 

Necroscopic investigation Laboratory 

investigation 

  Macroscopic investigation Histological investigation  

Fatal 

anaphylactic 

shock 

(n = 8) 

Previous allergic reactions to 

certain drugs (8/8) 

Exposure to an allergen prior 

to death (8/8) 

Clinical presentation of an 

allergic reaction (8/8) 

Pharyngeal/laryngeal edema (8/8) 

Mucous plugging in the airways (8/8) 

Eosinophilia in respiratory tract 

(8/8) 

Eosinphilia in gastrointestinal tract 

(5/8) 

Pulmonary congestion and/or 

edema (8/8) 

Negative routine 

toxicological tests 

(8/8) 

Serum total IgE 

level: 318-523 

kU/l 

Mechanical 

asphyxia 

(n = 3) 

- Ligature mark (3/3) 

Damage to the larynx and associated cartilages (3/3) 

Damage to the hyoid bone (3/3) 

Cyanosis (3/3) 

Conjunctival petechiae (3/3) 

Congestion and oedema of the face (3/3) 

Petechiae beneath the lung membrane (3/3) 

Alveolar overdistension accompanied 

by alveolar rupture (3/3) 

Intra-alveolar hemorrhage with 

alveolar edema (3/3) 

Alveolar capillary congestion (3/3) 

 

Negative routine 

toxicological tests 

(3/3) 

 

Brain injury 

(n = 5) 

- Scalp injuries (5/5) 

Skull fractures (5/5) 

Intracranial haemorrhage (5/5) 

Cerebral contusion (5/5) 

 

Negative routine 

toxicological tests 

(5/5) 

Acute cardiac 

death 

(n = 4) 

Previous myocardial 

infarction (4/4) 

Hypertension history (3/4) 

At least one segment of a major coronary artery must 

have more than 75% diameter stenosis (4/4) 

Hemorrhagic halo (4/4) 

Presence of myocardial scars (4/4) 

Coronary atherosclerosis : luminal 

narrowing reaches over 75% (4/4) 

Myocardial ischemia (4/4) 

Myocardial necrosis (4/4) 

Myocardial granulation tissue (2/4) 

Myocardial fibrous scars (4/4) 

Negative routine 

toxicological tests 

(4/4) 

 



 

Figure S1 Detail illustration of the experimental workflow.  

1) Sample preparation. For each formalin-fixed paraffin-embedded lung tissue 

sample (A), 2 adjacent tissue sections were cut using a microtome (B). One 

section, 7 μm, was deposited on an infrared transparent calcium fluoride (CaF2) 

slide (C), and the other, 2.5 μm, was mounted on a conventional glass slide 

(D). Subsequently, both sections were deparaffinized using standard protocols. 

After dewaxing, the section transferred onto glass was further stained with 

hematoxylin/eosin (H&E). The section mounted onto the CaF2 slide remained 

stain-free prior to infrared spectral acquisition. 

2) Acquisition of spectra (E).  

i. Switch on the Nicolet iN10 MX infrared microscope.  

ii. Fill the detector with liquid N2.  

iii. Open the instrument-operating OMNIC Picta software.  

iv. Apply settings.  

v. Use the software to get a view of the slide as seen through the 

microscope.  

vi. Load the sample onto the stage and focus the microscope.  

vii. Manipulate the joystick to move the sample around the microscope 

stage to identify areas that contained abundant pulmonary edema 

fluid to interrogate.  

viii. Select a clean, sample-free point on the slide and acquire a 

background spectrum.  

ix. Acquire spectra. 

3) Spectra selection. The global biochemical components of each sampled pixel 

was measured and represented as a spectrum. Spectra from sampled pixels 

were collected along with coordinates and arranged as “hyperspectral data 



cubes” (F). Such a spectral hypercube contained all the pertinent information 

of the tissue composition and its spatial variations (F). The specific IR spectra 

of the pulmonary edema fluid were picked out from the “hyperspectral data 

cubes” and then gathered in a data set (G).  

4) Data pre-processing and analysis. The row spectral data set was 

preprocessed and then analyzed using pattern recognition methods (H). 
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Abstract Anaphylaxis is a rapid allergic reaction that may
cause sudden death. Currently, postmortem diagnosis of ana-
phylactic shock is sometimes difficult and often achieved
through exclusion. The aim of our study was to investigate
whether Fourier transform infrared (FTIR) microspectroscopy
combined with pattern recognition methods would be comple-
mentary to traditional methods and provide a more accurate
postmortem diagnosis of fatal anaphylactic shock. First, the
results of spectral peak area analysis showed that the pulmo-
nary edema fluid of the fatal anaphylactic shock group was
richer in protein components than the control group, which
included mechanical asphyxia, brain injury, and acute cardiac
death. Subsequently, principle component analysis (PCA) was
performed and showed that the anaphylactic shock group
contained more turn and α-helix protein structures as well as
less tyrosine-rich proteins than the control group. Ultimately, a
partial least-square discriminant analysis (PLS-DA) model
combined with a variables selection method called the genetic
algorithm (GA) was built and demonstrated good separation

between these two groups. This pilot study demonstrates that
FTIR microspectroscopy has the potential to be an effective
aid for postmortem diagnosis of fatal anaphylactic shock.

Keywords Fatal anaphylactic shock . Pulmonary edema
fluid . Fourier transform infraredmicrospectroscopy . Pattern
recognition

Introduction

Anaphylaxis is a rapid-onset, multiple-system allergic reac-
tion that can be life-threatening. It often represents an immu-
nological (usually IgE-mediated) or non-immunological reac-
tion that results in degranulation of basophils and mast cells as
well as a release of histamine and other inflammatory media-
tors [1]. According to Yiwen Shen et al., drugs and foods are
the two main types of allergens to cause anaphylactic death
[2]. In forensic practice, the postmortem diagnosis of anaphy-
lactic shock can be extremely challenging for forensic pathol-
ogists due to unclear medical histories, non-specific macro-
scopic and microscopic findings, and the limited reliability of
laboratory tests [3]. Usually, in such cases, the identification of
fatal anaphylactic shock is based on exclusion and circumstan-
tial evidence [4–6].

For the past two decades, there has been a focus on inves-
tigating biochemical markers that would potentially be suit-
able for postmortem diagnosis of fatal anaphylactic shock,
such as tryptase, histamine, chymase, and IgE [6].
Nevertheless, most of these studies have only focused on plas-
ma fluid. There are few studies focusing on pulmonary edema
fluid, which was the most common finding during necropsy of
fatal anaphylactic shock cases [2, 7]. Several papers have re-
ported that different types of etiologies are represented in pul-
monary edema fluid through different protein contents [8–10].
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For instance, a study conducted by Hashim et al. [8] indicated
that anaphylactic and toxic pulmonary edema fluids were
richer in plasma proteins. Alan Fein and coworkers investigat-
ed pulmonary edema fluid and plasma proteins in 24 patients
involving in neurologic trauma, infection, drug overdose, and
hemorrhagic shock [9]. They showed that protein contents of
alveolar fluid were various between different etiologies. Ware
et al. [10] expanded that study by enlarging the number of
patients to 390. Their study results demonstrated the edema
fluid-to-plasma protein ratio had excellent diagnostic discrim-
ination between acute lung injury and cardiogenic pulmonary
edema. Additionally, Wang et al. [11–13] employed a real-
time qPCR technique to investigate the molecular pathology
of postmortem pulmonary edema with respect to various
causes of death. The results for different mRNA expressions
of protein markers indicate the different molecular pathology
of alveolar damage arising from different causes of death. All
the aforementioned studies taken together imply that the pul-
monary edema fluids associated with different etiologies or
causes of death contain different biochemical compositions
and could be a potential specific biofluid for etiology and
cause of death diagnosis. However, to verify that guess, the
development of innovative techniques for the further investi-
gation of the biochemical changes of pulmonary edema fluid
associated with different etiologies and causes of death is
needed.

Fourier transform infrared (FTIR) microspectroscopy is a
widely used technique in biomedical research and carried po-
tentials for detecting the global biomolecular composition and
variations of biological samples [14]. The greatest benefit of
this technique lies in the high molecular sensitivity, which
enables the researcher to potentially detect molecular changes
that precede any morphological change, thus enabling earlier
diagnosis of tissue dysplasia [15]. Currently, the FTIR
microspectroscopy technique is widely used for studying can-
cer diagnosis, such as colon [16], skin [17], cervical [18],
breast [19, 20], brain [21], and prostate [22] tumors. Another
advantage of this technique is the ability to offer rapid, label-
free, and non-destructive measurements of the samples [15].
This is particularly attractive to forensic science evidence,
since the researcher could use additional methods to reveal
further, complementary information of the samples after ana-
lyzing the biochemical content within the samples. To date,
this technique has also been used, including the detection of
latent fingerprints [23, 24], studying questioned documents
[25], bicomponent fibers [26], and trace materials [27] as well
as analysis of myocardial infarction [28], diffuse axonal injury
[29], and electrical mark [30].

Biofluid-based infrared spectroscopy, an emerging Bliquid
biopsies^ technique for providing specific spectral markers of
the biofluids (e.g., plasma, bile, urine, sputum, and cerebro-
spinal fluid) in the proximity of the diseased cells or tissues, is
gaining increasing interest [31]. Several papers have

demonstrated a usefulness of such a technique for diagnosis
and monitoring progression of diseases by investigation of
plasma [32–38], which contains specific biomarkers, such as
glucose, various proteins, creatinine, urea, triglycerides and
cholesterol, for various pathological states and diseases. It is
reasonable to expect that the pulmonary edema fluid originat-
ing mainly from plasma fluid could have a similar biochemi-
cal change for the pathological state or disease as the plasma
and thus be another specific biofluid for diagnostic purposes.

To the best of our knowledge, FTIR studies on pulmonary
edema fluid have not been reported up to now. The main goal
of this study was to assess the hypothesis of biochemical dif-
ferences in edema fluid components between anaphylactic-
related death and other causes of death (mechanical asphyxia,
brain injury, and acute cardiac death) by means of Fourier
transform infrared (FTIR) microspectroscopy. The formalin-
fixed paraffin-embedded lung tissue specimens were used for
infrared spectroscopy investigation in this study, since such
samples are available in large numbers in tissue banks, stable
in biochemical composition in long-term conservation, and
valuable for retrospective studies. Two pattern recognition
methods were introduced in this study. Firstly, principle com-
ponent analysis (PCA) was performed to analyze variance in
protein components between pulmonary edema fluid arising
from fatal anaphylactic shock and other causes of death.
Subsequently, a partial least square discriminant analysis
(PLS-DA) classification model using spectral variables select-
ed by the genetic algorithm (GA) was constructed for
distinguishing between anaphylactic death-related pulmonary
edema and edema arising from other causes of death.

Material and methods

Sample collection

In this study, 20 formalin-fixed paraffin-embedded lung tissue
specimens from 20 forensic autopsy cases were collected from
the Department of Forensic Pathology, Institute of Forensic
Sciences,Ministry of Justice. The tissue specimens were taken
from consistent sites in the lung hilum because this site con-
tains abundant edema fluid. The anaphylaxis shock group
comprised 8 cases, and the control group comprised 12 cases
(mechanical asphyxia, n = 3, brain injury, n = 5, acute cardiac
death, n = 4). Case profiles are given in Online Resource
(EMS_1). The diagnoses of the cause of death were deter-
mined by professional forensic pathologists through a forensic
autopsy examination (including macromorphological, histo-
logical, and toxicological examinations), circumstances of
death, medical history, and exclusion of other possible cause
of death. The main postmortem investigation results
pertaining to the cases are given in Online Resource (EMS_1).
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Ethical issues

The relevant ethical approval was obtained from the ethics
committee of the Institute of Forensic Sciences, Ministry of
Justice, P.R. China. All cases selected for this work underwent
forensic autopsies requested by a public prosecutor. All tissue
specimens were anonymized before analysis.

Sample preparation

From these 20 paraffin-embedded tissue blocks, 7-μm-thick
sections were cut using a microtome and transferred onto 1.5-
mm-thick infrared transparent calcium fluoride (CaF2) slides.
Then, the samples were dewaxed and dehydrated using xylene
and ethanol in that order. An adjacent 2.5-μm section was also
cut from each of these tissue blocks, mounted on a glass slide
and stained with hematoxylin and eosin (HE) to be used as a
morphological reference.

FTIR imaging acquisition and spectral pre-processing

FTIR chemical imaging acquisition was performed in
transmission mode using a Nicolet iN10 MX infrared mi-
croscope (Thermo Fisher Scientific, Waltham, WA, USA)
equipped with a liquid nitrogen-cooled mercury-
cadmium-telluride (MCT) detector. Technical detail is
given in Online Resource (EMS_1). Wavenumbers were
collected between 4000 and 900 cm−1 at a spectral reso-
lution of 4 cm−1. Sixteen scans and 128 scans were con-
ducted for sample and background spectra, respectively.
The background spectra were collected on blank areas of
CaF2 slides and automatically subtracted from each sam-
ple spectrum. The microscopic aperture was set at
40 × 40 μm2 with a step of 20 μm. The tissue sampling
area was nearly 300 × 220 μm2 and a total of 3300 infra-
red spectra were recorded from 20 images at an average of
165 spectra per image. The spectral collection was per-
formed using OMNIC Picta 9.0 (Thermo Fisher Scientific,
Waltham, WA, USA). Row spectral data originating from
edema fluid were pre-processed with the Unscrambler 9.7
(Camosoftware, Oslo, Norway). The row spectra were
baseline-corrected and then normalized by extending mul-
tiplicative signal correction (EMSC) to minimize baseline
slope and offset as well as the difference in the thickness
of the tissue sections.

Pattern recognition analysis

The analysis of the pre-processed spectral dataset was con-
ducted in Matlab 2014a (Math Works, Natick, MA, USA).
Spectral peak area analysis and PCA were performed using
the Matlab build-in statistics toolbox. The GA-PLS-DA was
performed using classification toolbox 4.2 (Milano

Chemometrics and QSAR Research Group, University of
Milano Bicocca, Italy) in combination with the PLS-genetic
algorithm toolbox (University of Genoa, Italy).

Pattern recognition is one major area in the chemometrics
field [39]. It can be divided into two kinds: unsupervised and
supervised. In unsupervised pattern recognition, the data
structure is divided into groups by algorithms without provid-
ing training standards. By contrast, supervised pattern recog-
nition methods take advantage of information about the class
membership of the samples in a certain class to classify new
unknown samples.

In this study, one unsupervised (PCA) and one supervised
(GA-PLS-DA) pattern recognition method were employed to
analyze spectral data with respect to pulmonary edema due to
different causes of death. A brief description of these methods
is provided below.

PCA is often employed as the first step in data analysis to
determine the patterns in the dataset based on differences and
similarities between data by calculating the principal compo-
nent (PC), which is the linear combination of original vari-
ables [40]. Usually, the first several PCs explain the majority
of the information in the original dataset. The loadings as the
coefficients of the corresponding PC are usually used to ex-
plain the contribution of variables in the PC. This method is
particularly suitable for the spectral dataset for its ability to
transform a high-dimension spectral dataset into a low-
dimension dataset. In this study, PCA was performed on a
spectral dataset containing 293 spectra from edema fluid aris-
ing from fatal anaphylactic shock and 345 spectra from the
control group. The PC-1 versus PC-2 score plot and corre-
sponding loading plots were graphed to investigate the poten-
tial spectral features for distinguishing between the edema
fluid of the fatal anaphylactic shock group and the control
groups.

PLS-DA is one of the most commonly used supervised
techniques for spectroscopic analysis. It is a linear classifica-
tion method that can decompose X-block with the guide of Y-
block and find latent variables (LVs), which are linear combi-
nations of the original variables to maximize the co-variation
between X-block and Y-block [41]. In this study, the X-block
corresponded to the matrix of edema fluid spectral intensity
and the Y-block was represented by the dummy variables of 1
and − 1 for the fatal anaphylactic shock and control groups,
respectively.

The genetic algorithm is a recent mathematic optimization
method inspired by the evolution of species according to the
Darwinian theory of the Bsurvival of the fittest^ [42]. The
application of GA to feature selection of a spectral dataset
generally eliminates the irrelevant variables and produces
much better results. In this study, GA-PLS-DAwas introduced
to improve the classification model performance of
distinguishing edema fluid arising from fatal anaphylactic
shock from fluid associated with three other causes of death.
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At the same time, GA-PLS-DAwas used to reduce the com-
plexity of the classification model.

Results and discussion

Quality control of pulmonary edema fluid spectra

Each infrared imaging collected from a 300 × 220 μm2 lung
tissue section consisted of 15 × 11 pixels and each pixel rep-
resented one spectrum, which reflected the biochemical infor-
mation of the corresponding area of tissue sections (see
Fig. 1a, c). The area selection of spectra for alveolar edema
fluid was determined by comparing the results with HE stain-
ing (Fig. 1b). Only areas that were unambiguously defined as
edema fluid were selected and areas containing or near alve-
olar walls were not selected (Fig. 1c). Ultimately, 40 unmod-
ified edema fluid spectra were selected randomly from each
IR image. Next, the spectral dataset was subjected to a quality
test for sample thickness, which discarded spectra with a max-
imum absorbance less than 0.1 or greater than 1.2. As a result
of the test, 638 spectra, including 293 from the fatal anaphy-
lactic shock group and 345 from the control group, were ulti-
mately included. These qualified spectra for alveolar edema
fluid were the basis for further analysis.

Spectral peak area analysis

The region from 1800 to 900 cm−1 was selected in this study
as the bio-fingerprint region of the min-infrared spectrum [31]
(Fig. 2a), which contains the key chemical vibrational bands
of biological tissues, such as lipid ester (1800–1700 cm−1),
amide I and II protein bands (1700–1600 cm−1, 1600–
1500 cm−1), mixed regions containing information from pro-
teins, fatty acids, and phosphate-carrying compounds (1500–
1200 cm−1) as well as nucleic acids and the carbohydrate main
region (1200–900 cm−1) [31, 43]. As pulmonary edema fluid
is rich in protein, especially plasma protein components, such
as albumin and globulin [44], it is significant to investigate
amide I and II regions, which are both the most prominent and
sensitive vibrational bands of the protein backbone in the mid-
infrared spectral region [45–47].

The spectral peak area was often calculated to represent the
relative contribution of biochemical components in a spec-
trum. For this analysis, spectral peak areas of amide I and II
regions were calculated on each spectrum (the spectrum was
calculated after baseline correction and without EMSC trans-
formation), and the value was then normalized with respect to
the spectral peak area of the entire fingerprint region of the
corresponding spectrum, 1800–900 cm−1. The results are
displayed in Fig. 2b, which are expressed as the means ±

Fig. 1 aAn unstained white light image of a tissue section of lung hilum
from a case of fatal anaphylactic shock with the measured region of
interest highlighted in the box. b The corresponding reference HE

stained imaging. c A detailed view of the measured region containing
15 × 11 pixels with each pixel representing one spectrum
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standard deviation, and statistical significance was determined
using Student’s t test. As the results show, significantly higher
amide I and II levels were found in the fatal anaphylactic
shock group compared with the control group, which suggests
that the pulmonary edema fluid arising from fatal anaphylactic
shock was richer in proteins.

PCA analysis

To further investigate the differences in pulmonary edema
fluid protein structures between fatal anaphylactic shock
and control groups, PCA was performed on a spectral
dataset that was mean-centered and auto-scaled after
EMSC transformation with the 1700–1500 cm−1 region.
Fig. 3a shows the PC-1 versus PC-2 score plot. Although
there is little overlapping of scattering points between the
fatal anaphylactic shock and control groups, a general
discrimination can still be observed along the PC-1,
which accounted for 58.2% of total variation and indicat-
ed that edema fluid arising from fatal anaphylactic shock

and control groups had a distinct protein composition and
the PC-1 retrieved from the original spectral dataset is
mainly responsible for that distinction.

Next, a PC-1 loading plot (Fig. 3b) was performed to in-
vestigate the basis of the observed separation. Along the di-
rection of PC-1, the discriminating positively correlated load-
ings for the fatal anaphylactic shock group are mainly found in
the 1700–1649 cm−1 region, which is a major area for amide I
that is abundant in turns and α-helix protein conformational
structures [45, 47]. Another feature contributing to the distinc-
tion between these two groups was negative loadings in the
1620–1580 cm−1 and 1520–1500 cm−1 areas, which partly
correspond to vibrational modes of side chain residues of ty-
rosine [48]. The results suggest that edema fluid originating
from the fatal anaphylactic shock group contains less tyrosine-
rich proteins than that from the control group. Additionally, it
is noticeable that the spectra of edema fluid involving fatal
anaphylactic shock showed a non-uniform distribution along
PC-2. The PC-2 loading plot (Fig. 3c) shows that the main
variance is positively correlated with the amide I band at

Fig. 2 a FTIR average spectrum for pulmonary edema fluid from the
fatal anaphylactic shock group in the 1800–900 cm−1 region. The spectral
peak area of the amide I and II regions was assessed by integration over
the ranges of 1700–1600 cm−1 and 1600–1500 cm−1. Each value was

then normalized with respect to the spectral peak area of the entire
fingerprint spectrum, 1800–900 cm−1. b Bar graph of the normalized
spectral peak area for amide I and II with respect to the fatal
anaphylactic shock and control groups. *p < 0.05

Fig. 3 a PCA score plot of EMSC-normalized spectra, including 293 originating from the fatal anaphylactic shock group and 345 from the control group
in the 1700–1500 cm−1 region. b PC-1 correlation loading plot. c PC-2 correlation loading plot
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1637 cm−1 (β-sheet conformation of protein), amide II bands
at 1564 cm−1 (turn structure of protein), and 1554 cm−1 (α-
helix structure of protein) [49]. This intra-group conforma-
tional differentiation suggests that the protein components of
edema fluid in the lung tissues varies among individuals who
experience fatal anaphylactic shock, and more samples should
be collected for further analysis. Nevertheless, our work dem-
onstrated FTIR spectroscopy can be used to identify protein
secondary conformational changes in pulmonary edema fluid,
which reflects its high sensitivity to subtle molecular differ-
ences in the edema fluid involving different causes of death.

GA-PLS-DA analysis

PCA is as an unsupervised pattern recognition method that has
a limited capacity for completely discriminating between fatal
anaphylactic shock and control groups. Thus, the next step
was to perform PLS-DA since it has been shown that this
supervised pattern recognition method is capable of
distinguishing different sample categories [50–52].

Prior to discrimination analysis, the genetic algorithm was
used to extract significant spectral variables. The parameters
used for optimization are as follows: population size, 30 chro-
mosomes; mutation rate, 0.01; crossover rate, 0.5; fitness
function, RMSTCV; the number of runs, 100. A total of 252
wavelengths accounting for 54.0% of the full spectral data of
467 wavelengths were ultimately selected and shown in Fig. 4
with blue shades, in which the deeper the blue shade color, the
more often the spectral variable covered by the shade was
selected in the process of iterations, and the more important

the variable is for distinction. The spectral wavelengths with-
out blue shades indicated that they were eliminated by the GA
optimization process. As the result showed, the eliminated
spectral variables mainly existed in the lipid ester region and
nucleic acids and carbohydrate main region, and the selected
spectral variables mainly existed in the amide I and II regions
and partly in mixed regions. This result, in combination with
PCA results, further demonstrates that spectral varieties of a
protein are mainly responsible for the distinction between
edema fluid arising from fatal anaphylactic shock and control
groups.

Internal cross-validation (CV) is a classic method to select
the optimal number of LVs for construction of PLS-DA
models [41]. In the process of cross-validation in this study,
the spectral dataset was split into ten splits with a Venetian
blind approach, nine of which were used for training, while
the rest were left out and used for validation. The process was
repeated until all splits were predicted once. Ultimately, all ten
predicted results were summarized and represented by classi-
fication error rate. The lowest possible number of LVs with the
lowest CV classification error rate was used to build the
models.

The plot of the classification error rate versus the number of
LVs is displayed in Fig. 5. Five LVs were ultimately used to
build the PLS-DA model. The model was constructed using
the extracted dataset containing 638 spectra labeled either fatal
anaphylactic shock or control group. The calibrated results
showed a distinction between these two groups with an accu-
racy of 100%. Next, the internal validation was performed
through cross-validation to demonstrate the classification

Fig. 4 Selected regions of the
infrared spectrum (blue shades)
selected by the genetic algorithm
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ability of PLS-DA model. The validated results are shown in
Fig. 6. The internal classification results of the PLS-DAmodel
with respect to fatal anaphylactic shock ability are 0.99 and 1
(sensitivity and specificity, respectively). Only two pulmonary
edema fluid spectra originating from the fatal anaphylactic
shock group were misclassified into the control group. The
rest of the 636 spectra were correctly assigned to their respec-
tive classes. These results indicated that this PLS-DA classifi-
cation model could potentially be stable and reliable.

Additionally, this well-constructed classification model
demonstrated a successful extraction of spectral variables by
GA, in turn, which further confirmed the significant differ-
ences in protein components of pulmonary edema fluid in-
volving fatal anaphylactic shock compared with any other
cause of death. According to previous studies, anaphylactic
pulmonary edema fluid arises from the high-permeability type
of edema, which is characterized by a protein content similar
to that of blood [8, 53]. Therefore, it is reasonable to believe

Fig. 5 Classification error rate in
cross-validation as a function of
the number of latent variables in-
cluded in the PLS-DA model

Fig. 6 Cross-validated prediction
results for fatal anaphylactic
shock class in the binary PLS-DA
classification model. The dotted
line represents the default classi-
fication threshold
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that anaphylaxis-related biomarkers or components in plasma
may leak into the alveolar edema fluid and alter the vibrational
spectroscopic properties, which would result in differences in
the infrared spectrum. These particular biomarkers or compo-
nents were not extensively investigated because they went
beyond the capacity of the spectroscopy technique.
Nevertheless, one feature of our approach can easily detect
these significant differences without needing to know the spe-
cific components.

Conclusion

To the best of our knowledge, this is the first study demon-
strating that FTIR microspectroscopy combined with pattern
recognition methods can be used as an easy and label-free
approach to characterize biochemical differences in pulmo-
nary edema fluid arising from different causes of death.
Through PCA, the observed spectral variances showed that
pulmonary edema fluid from a fatal anaphylactic shock group
contained more turn and α-helix protein structures as well as
fewer tyrosine-rich proteins than the control group, which
included causes of death such as mechanical asphyxia, brain
injury, and acute cardiac death. Subsequently, a binary PLS-
DA classification model based on spectral variables selected
by the genetic algorithm demonstrated good separation be-
tween edema fluid spectra from the fatal anaphylactic shock
and control groups. These results showed our approach has
great potential to complement traditional methods and provide
a more accurate postmortem diagnosis of fatal anaphylactic
shock. However, before this new method can be employed for
forensic practices, much more work needs to be done. For
example, it is important to expand the sample sizes for the
fatal anaphylactic shock and control groups. It is also neces-
sary to take into consideration additional causes of death in the
control group, such as drowning, fatal hyperthermia, fatal hy-
pothermia, and intoxication-related death. According to pre-
vious studies, intoxication-related pulmonary edema, which is
similar to anaphylactic pulmonary edema, is also a high-
permeability type of edema and contains abundant plasma
proteins [9]. All of these goals are currently being pursued in
our laboratory.
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