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Abstract

:

Understanding the VOC profile released during the early post-mortem period is essential for applications in training human remains detection dogs and urban search and rescue operations (USAR) to rapidly locate living and deceased victims. Human cadavers were sampled at the UQTR morgue within a 0–72 h post-mortem interval. VOC samples were collected from the headspace above the cadavers, using Tenax TA/Carbograph 5TD dual sorbent tubes, and analyzed using GC×GC-TOFMS. Multiple data processing steps, including peak table alignment and filtering, were undertaken using LECO ChromaToF and custom scripts in R programming language. This study identified 104 prevalent VOCs, some of which are linked to human decomposition, while others are connected to the persistence of living scent. Principal Component Analysis (PCA) further highlighted that VOC profiles can change dynamically over time, even in a controlled setting. The findings underscore the complexity and variability in VOC profiles during the early post-mortem period. This variability is influenced by multiple factors including the individual’s biological and physiological conditions. Despite the challenges in characterizing these profiles, the identified VOCs could potentially serve as markers in forensic applications. The study also highlights the need for additional research to build a dataset of VOCs for more robust forensic applications.
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1. Introduction


The human body undergoes the process of autolysis and putrefaction, predominantly in the absence of oxygen [1,2]. The simultaneous degradation of proteins, lipids, and carbohydrates in the absence of oxygen produces various volatile and semi-volatile organic compounds (VOCs and SVOCs) as well as inorganic compounds that comprise the characteristic odor of decomposition [3,4,5]. Studies conducted on decomposition odor have focused on the characterization of VOCs released during the entire process (fresh to skeletonization) [6,7,8,9]. The early post-mortem period encompasses the fresh stage of decomposition. Understanding the VOC profile released during the early post-mortem period is essential for applications in training human remains detection (HRD) dogs and urban search and rescue operations (USAR) to rapidly locate living and deceased victims [10]. In the context of urban search and rescue operations (USAR), the initial hours following a mass disaster are crucial, as the chances of survival for victims decrease significantly after the first 48 h. The chances of survival for a human can vary and depend upon the availability of food, water, and oxygen [10,11]. Therefore, there is a need for improved methods that can be applied during the first 72 h to rapidly locate live victims and human remains in a mass disaster scenario.



Characterizing the VOC profile released during the early post-mortem period is challenging as these processes are in the beginning stages, resulting in a lower abundance of VOCs in the profile, thereby adding to the analytical challenge. Due to ethical challenges related to the use of human remains, the use of cadavers to profile the odor released during the early post-mortem has been limited [8,12]. Statheropoulos et al. [13] and DeGreeff et al. [14] individually conducted research in a morgue to examine the VOC profile of cadavers during the early post-mortem period. Despite the low concentrations of VOCs, their experimental approach allowed for the collection and identification of VOCs associated with decomposition odor during the early post-mortem stage. However, the studies produced non-comparable results, which can be attributed to the use of different sample collection techniques (sorbent tubes vs. gauze pieces). The authors employed gas chromatography mass spectrometry (GC-MS) for sample analysis, but this analytical technique has limitations such as the potential for co-elution in complex mixtures, difficulty in managing the dynamic range of VOCs, complexities in background samples, and reduced sensitivity. These factors make it less than ideal for analyzing VOC samples collected during the early post-mortem period.



In the last decade, comprehensive two-dimensional gas chromatography-time-of-flight mass spectrometry (GC×GC-TOFMS) has become the preferred technique to study the decomposition VOC profile [7,8,9,12,15,16,17,18,19]. This analytical technique relies on two different columns with two different stationary phases serially connected via a modulator. The modulator traps the analytes as they elute from the first-dimension column (1D) and periodically injects the analytes onto the second-dimension column (2D) in a series of short pulses [19,20]. TOFMS is typically employed as the detection system for studies on decomposition odor as it offers fast acquisition rates required to characterize the very narrow 2D peaks. Moreover, TOFMS is a non-scanning MS that can acquire full mass spectrum because the entire mass range is sampled from the ion source at the same instant in time [19]. The analytical setup of this technique provides a better separation of analytes by enhancing selectivity, sensitivity, and peak capacity [21]. Thus, its application to the early post-mortem VOC profile of cadavers released in a controlled indoor environment (e.g., morgue) can assist in identifying the less abundant VOCs released in low concentrations during this period.



Natural (freezing) and chemical (embalming) techniques are used in a morgue to protect donated bodies from decomposition. Profiling VOCs from the cadavers during the early post-mortem period upon their arrival in the morgue (6–72 h) can provide a baseline VOC profile of a person soon after death and prior to these techniques being applied. This baseline VOC profile can be used to understand the transition of odor from the peri-mortem period to the post-mortem odor. This study aims to determine the VOCs released from human remains in a controlled environment in the absence of external factors that contribute to the decomposition process.




2. Materials and Methods


2.1. Experimental Design


The sample collection was conducted using donated human cadavers (henceforth referred to as donors) in the UQTR (Université du Québec a Trois-Rivières) morgue (UQTR Department of Anatomy). During this study, eight donors were sampled, of which four were females and four were males. Notably, the demographics of the donor population are narrow, primarily comprising elderly individuals who died of natural causes. The history of preserving these donors prior to their arrival at the morgue is unknown, but at most involves refrigeration only (not freezing or embalming). Regardless, they were all in the fresh stage of decomposition. The donors were sampled in a clean sterile indoor morgue environment, accessed by authorized personnel only. The donors arrived in a shroud material and their arrival was infrequent and occurred at varying post-mortem periods ranging from 12 to 72 h. The duration of their storage in the shroud prior to their arrival at the morgue varied. Thus, to address this variability, the shroud was opened for 5 min to minimize the influence of the shroud on VOC accumulation before collection at the UQTR morgue after the arrival of the donors.




2.2. VOC Sample Collection


The headspace samples were dynamically collected onto the stainless-steel sorbent tube using an ACTI-VOC low flow pump (Markes International Ltd., Llantrisant, UK) to sample VOCs at a constant flow [7,9,12,16,17]. The shroud was resealed to create a headspace and the VOCs were accumulated for 20 min. A small opening was created over the upper chest region in the shroud, and one end of the Tenax TA/Carbograph 5TD dual sorbent tubes (Markes International Llantrisant, UK) was inserted in the headspace of the shroud. The other end was attached to an ACTI-VOC low flow pump (Markes International Ltd., Llantrisant, UK) (Figure 1) such that the sampling arrow was pointing towards the pump (Figure 1). The VOCs were collected at a constant flow rate of 100 mL/min and the sample volume collected was 1 L. The tubes were capped with brass storage caps, wrapped in aluminum foil, and stored in a glass jar for transportation to the laboratory (US EPA method TO-107) [22]. These sorbent tubes were stored in an airtight glass jar at 4 °C until analysis. Control samples comprised background VOC samples.




2.3. Standards


An internal standard consisting of 0.2 μL of 50 ppm bromobenzene (HPLC grade, Sigma-Aldrich, Oakville, ON, Canada) was prepared in methanol (HPLC Grade, Sigma-Aldrich, Oakville, ON, Canada) and injected onto each sorbent tube using an eVol® XR handheld automated analytical syringe (SGE Analytical Science, Wetherill Park, NSW, Australia) for the purpose of internal standard normalization of analytes prior to analysis. Further, three custom-made decomposition standard mixes containing 25 compounds belonging to different compound classes (e.g., alcohols, esters, aldehydes, etc.) were purchased through Restek (Table S1). These compounds were previously identified through cadaveric studies [9,23].




2.4. VOC Analysis


The analytes collected on the sorbent tubes were thermally desorbed using a TD100-xr autosampler thermal desorption unit (Markes International, Llantrisant, UK) and analyzed using the Pegasus® BT 4D GC×GC-TOFMS (Leco Instruments, St. Joseph, MI, USA). A 1.2 m uncoated silica-fused transfer line connected the TD100-xr to the Pegasus® BT 4D GC×GC-TOFMS system. This transfer line was maintained at 150 °C and the TD100-xr was controlled by the Markes Instrument Control (MIC) (version 2.0). ChromaTOF® (version 5.51.6.0; LECO Instruments, St. Joseph, MI, USA) was used to control the Pegasus® BT 4D GC×GC-TOFMS. The sorbent tubes were thermally desorbed at 300 °C for 4 min onto the general-purpose cold trap held at −10 °C followed by trap desorption at 280 °C for 3 min. A mid-polar 30 m × 0.250 mm (ID), 1.40 μm film thickness Rxi®-624Sil MS column (Restek Corporation, Bellefonte, PA, USA) was used in the first dimension (1D). A polar 2 m × 0.250 mm ID, 0.25 μm film thickness Stabilwax® column (Restek Corporation, Bellefonte, PA, USA) was used in the second dimension (2D). A SilTite μ-Union (Restek Corporation, Bellefonte, PA, USA) was used to connect the 1D and 2D columns. High-purity helium (Linde Inc, Trois-Rivières, QC, Canada) was used as the carrier gas at a constant pressure of 17.8 psi. The 2D oven temperature offset was +10 °C relative to the GC oven. The modulator temperature offset was +15 °C relative to the secondary oven and modulation period (PM) was 5 s with a 1.25 s hot and cold pulse time. The temperature of the MS transfer line and ion source was maintained at 250 °C, the electron ionization energy was 70 eV with an acquisition range of 29–300 amu and an acquisition rate of 250 spectra/s.




2.5. Data Processing


2.5.1. Data Processing in ChromaTOF (v.5.51; LECO)


Pegasus® BT GC×GC-TOFMS data were acquired and processed with ChromaTOF® (v.5.51; LECO). The data processing steps included non-targeted deconvolution (NTD®) peak finding with integration baseline; GC×GC subpeak combining; and library searching. During the NTD peak finding, the minimum S/N ratio of 1 was used for peak finding while for the integration baseline, the default option of ‘auto-calculated’ was selected. The minimum spectral match required to combine GC×GC sub-peaks was set at 650. Tentative identifications of peaks were made by matching them with 2017 NIST spectral libraries. The minimum similarity thresholds for spectral matches and peak assignments were set at 600 and 800, respectively. Lower primary match selection criteria for the S/N ratio were used during the data processing step to increase the library search results. Further alignment and data filtering steps at the peak table level were performed in RStudio Workbench (2022.02.2, build 485.pro2), as described below.




2.5.2. Data Processing in R


The current ChromaTOF software package (v.5.51) did not include LECO’s Statistical Compare package, an integrated software solution used for peak table alignment in various decomposition studies [8,9,12,16,17]. The absence of an integrated software solution led to the development of a series of peak table alignment scripts in the R programming language which would allow the alignment of peak tables across the samples using the peak table output. The peak tables of each sample with their respective replicates and controls were exported as xlsx files. The exported peak tables contained information including peak number; name; formula; retention times (RTs); 1st dimension retention times (RT1); 2nd dimension retention time (RT2); similarity; area; height; quant mass; base mass; quant S/N; and peak S/N.



Peak Table Alignment


The peak table alignment was based on retention times matching criteria and mass values (base mass and quant mass), following a spectral match performed with the NIST library. All the peaks within the peak table had a similarity and reverse spectral match factor >800 with the 2017 NIST spectral libraries. The retention time match criteria were set to 10 s in 1D and 0.06s in 2D. The values of retention time match criteria for 1D and 2D were derived from the retention time values of the internal standard and decomposition standard mix. A chromatographic region after 2500 s in the 1D was excluded from the alignment process, as the majority of the peaks identified after this period were not compounds of interest (e.g., siloxanes and non-detects).



Before peak alignment, the dataset was classified into controls and experimental classes. The control class comprised samples collected as background samples in the morgue. The experimental class consisted of donor samples collected in the morgue with their respective replicates. In the peak table alignment process, each peak was treated as unique and subjected to consistent pairwise comparisons across all samples in the class. Criteria such as name, minimum S/N of 100, retention time matching (10 s and 0.06 s), and mass values were employed for the consistent matching of integrated peaks within the sample and across all samples in the class. Once this was complete, and all identified peaks were isolated by sample, we proceeded to the second stage of the analysis, starting with a sliding window identification of commonality by compound. A sliding window function was used to verify the alignment of peaks within peak tables, as the alignment procedure resulted in multiple RTs and masses per NIST-detected compound. This function consisted of a rectangular window made up of the first and second retention time windows, as used in the retention time match criteria. For a given compound, the sliding window function found the highest number of incidences of any common mass within the rectangular window. The identified maximum window region was then analyzed to determine the centroid retention times, and the common mass of a given identified compound. All other “detections” were then removed from the dataset. This ensured that every single compound considered in the following stages had common detection identification, common mass, and retention times within the precision of the variation of the internal standard and decomposition standard mix. This should ensure, as much as is possible, that any compound detections in the following are truly considering the same compound, across both samples and controls. The samples were normalized to the peak areas of the internal standard following the peak table alignment.




Data Filtering and Sample/Control Couple Comparison


Control samples were compared to triplicate experimental samples to remove background peaks and retain relevant peaks. Criteria such as mass values, peak area, and S/N ratio were used for the comparison and calculation of peak abundance. Peaks uniquely identified in control samples were filtered out. Peaks present in both control and experimental samples were retained in the experimental sample only if their abundance was at least twofold higher than the control sample. After filtering based on the control, the triplicate samples were combined, and only peaks present in all three triplicate samples were retained. Average peak area was calculated for each compound and triplicate to facilitate subsequent analysis. After applying the cleaning procedure, the relevant outputs for each donor were merged based on their presence in the respective replicate samples. Compounds such as siloxanes, oxygen peaks, acetone, etc., were excluded. Subsequently, individual donor data frames were merged into a single file containing a consolidated list of identified compounds across all donors. Detailed scripts can be found on GitHub [https://github.com/wesleyburr/GCxGC_Morgue_RESTES] (accessed on 30 October 2023).



Principal Component Analysis (PCA) was performed using the Unscrambler X (version 10.5; CAMO Software, Oslo, Norway). Mean centering, standard deviation scaling, and unit vector normalization were all applied to the datasets prior to PCA. The data contained no outliers by way of Hotelling’s T2 95% confidence limit.







3. Results


The VOC profiles were collected from donors in the fresh stage of decomposition, excluding donor H1. Donor H1 was not discovered for approximately 24 h and showed initial signs of autolysis and putrefaction at the time of sample collection. In contrast, all other donors exhibited only the triad changes such as livor mortis, algor mortis, and rigor mortis. After data-filtering and sample-control comparative analysis, a compound list was generated. To minimize the impact of background VOCs related to the shroud material, a manual review was conducted on the compounds that were exclusively identified in the experimental samples. Subsequently, VOCs associated with the background were systematically excluded from the final list. In this study, the number of VOCs present in the sample represented the VOC abundance, while the class abundance in a sample was represented by the number of VOCs in a particular chemical class (e.g., aldehyde, alcohols, etc.). The class abundance value was calculated by summing the number of VOCs identified as belonging to a specific chemical class. For example, if 20 VOCs were identified in total in a sample and 10 belonged to aldehydes, the VOC abundance would be 20 and the class abundance for aldehydes would be 10. This approach allows for a comparative analysis of the relative abundance among different chemical classes within each sample, observed across eight donors.



3.1. Overall VOC and Chemical Class Abundance Detected in the Morgue


Across all samples collected from eight donors, a total of 580 VOCs were identified. The differences in the VOC abundances were identified when the VOC abundance of an individual donor was compared with the overall VOC abundance (n = 580 VOCs). The VOC abundance per donor ranged from 83 to 159 and in terms of percentages, 14 to 27% of the total VOCs detected. This difference in the VOC abundance highlights the variation observed in the VOCs between the donors in the same environment at different post-mortem intervals (PMI) (Figure 2).



The VOCs were classified into their chemical class based on the functional groups: alcohols, aldehydes, acids, aromatics, cyclic aliphatic compounds, esters and analogues, ethers, halogen-containing compounds, ketones, linear aliphatic compounds, nitrogen-containing compounds, and sulfur-containing compounds. VOCs identified as anhydride and lactones were classified as analogues in the esters and analogues class. These chemical classes have been previously reported in human decomposition studies conducted in indoor and outdoor scenarios [9,14,24]. The most abundant chemical classes identified in the early post-mortem VOC profiles collected in the morgue were linear aliphatic compounds, esters and analogues, and aromatics, whereas ethers, aldehydes, and sulfur-containing compounds were the least abundant chemical classes (Figure 3).



Across the eight donors, the chemical class with the most abundance varied. Linear aliphatic compounds dominated chemical class abundance in donors H6 and H9, while esters and their analogues were the most abundant chemical class in donors H2 and H4 (Figure 4).



Aromatics and alcohols were the chemical classes that appeared in the greatest abundance for donors H3 and H7. Conversely, for all donors, acids and sulfur-containing compounds were the least prevalent chemical classes identified in the early post-mortem VOC profiles gathered at the morgue (Figure 4). Notably, these chemical classes were not detected in donor H7.



A total of 104 VOCs were detected with a minimum detection frequency of three, which means that these VOCs were detected in a minimum of three donor samples (across all of their replicates) from the eight donors analyzed in this study (thus were present in 38% or more of the samples). All the chemical classes reported in the overall chemical class abundance were identified within these 104 VOCs. Interestingly, two VOCs (propofol and methenamine) related to anesthesia or medication were identified in the headspaces of donors H3 and H4 (Table 1).



This is a new and unexpected finding of this study as the information regarding medications administered to these donors was not shared in their death certificates. These medications were identified in donors H3 and H4, but they were not common between the donors.




3.2. Principal Component Analysis (PCA)


The compounds for PCA were chosen based on their frequency of detection in multiple donor samples collected at different PMI intervals. Prior to PCA, pre-processing steps included mean centering, standard deviation scaling, and unit vector normalization. Initially, all individual compounds (580 VOCs) having a minimum detection frequency of one out of eight (donors) were used for PCA. Figure 5 shows the PCA constructed from VOC samples collected from eight donors and 580 compounds. PC-1 and PC-2 accounted for 17% and 16% of the explained variance.



Notably, donor H3 which separated along PC-2 contributed to the majority of explained variance among all the donors in the first two principal components, whereas all other donors were separated along PC-1 (Figure 5a). This suggested a large impact from donor H3 on the overall structure of the scores, potentially skewing the data. The loadings plot shows the clustering of compounds along the origin, with these compounds exhibiting the loadings values of less than 0.1, indicating a weak influence on the donor samples (Figure 5b).



Donor H3 was removed from the PCA to further investigate the variance between the other donors. Subsequently, a PCA was carried out on 104 VOCs, chosen based on detection frequency. In this untargeted study, the selection of these VOCs was guided not by statistical measures, but by their detection across varying post-mortem intervals in different donors. This step further facilitated the visualization of the discriminatory information conveyed by the more prevalent analytes identified within the dataset. Figure 6 shows the PCA constructed with 104 compounds identified across seven donors.



Five principal components (PCs) accounted for 88% of the variance in the data, with PC-1 and PC-2 explaining the majority (42%) of this variance. Notably, an interesting clustering pattern that can be correlated to the donors’ PMI can be observed in PC-1 vs. PC-4 (Figure 6a). VOC samples from donors H1 and H4 were collected at a higher PMI (40 and 33 h, respectively), while H9, H6, and H8 were collected at a lower PMI (14, 16, and 18 h, respectively). The VOC samples from donors H2 and H7 were collected at a PMI of 21 and 24 h. Figure 6a shows that the VOC samples collected from donors H1 and H4, at a higher PMI, formed a cluster along PC-4 (highlighted with grey circle), while the VOC samples collected from donors H6 and H9 at a lower PMI were clustered along PC-4 (highlighted with a blue circle). VOC samples collected from H2 and H7 at a PMI of 21 and 24 h made a cluster along PC-1 (highlighted with a green circle), while VOC samples collected from H8 at a PMI interval of 18 h were separated from the rest of the donors along PC-4 (Figure 6a). The distribution of compounds in the correlation loadings highlighted potential VOCs associated with the corresponding donors (Figure 6b). The analytes present inside the region defined by the two ellipses indicate how much variance is considered by the PCA model (100% and 50% for the outer and inner ellipses, respectively). The compounds presenting closest to the outer ring showed a strong association to the donor samples and are listed in Table S2. The correlation loadings plot did not show a strong association of compounds with the corresponding donors H1 and H4. Therefore, the PCAs were also performed using compound classes to investigate their influence on VOC profiles.



Figure 7 shows a biplot of the scores and loadings made up of compound classes for the donors. For each compound class in the loadings, normalized peak areas were summed.



Overall variability can be observed in the correlation of compound classes with donors (Figure 7). Notably, sulfur-containing compounds were positively correlated with the donors (H1 and H4) that had higher PMI (40 and 33 h), whereas donor H8 with a PMI of 18 h was positively correlated with compound classes such as aldehydes, ketones, and ethers (Figure 7).





4. Discussion


4.1. Overall VOC and Chemical Class Abundance Detected in the Morgue Donor Samples


During the early post-mortem period, the number of VOCs and the chemical class abundance varied (Figure 3 and Figure 4). These variations can be linked with intrinsic factors such as donor age, sex, BMI, physiology, biochemistry, and pathophysiology [27]. Additionally, the variations in the chemical class abundance are indicative of these donor-to-donor variations, which can affect the decomposition process. Different VOC classes linked with complex biochemical processes occurring during life are detected, indicating the persistence of the living scent during the early post-mortem period. Notably, this variability was not reported in the studies previously conducted in the morgue [23,28]. The sample size of the study, ethical challenges, and restrictions for the use of donors for studying decomposition could possibly explain the lack of reporting as these studies were conducted on only one or two donors. To date, there has only been one study with a large donor sample set (n = 21) conducted in the morgue [14]. The authors of this study focused on differentiating between the live, deceased, and animal scent, and thus the class abundance of an individual donor was not the focus of the study. Furthermore, the authors were focused on highlighting the potential application of this novel sample collection technique to identify key compounds related to the decomposition process. In contrast, variation in the number of VOCs among donors has been reported in decomposition studies conducted in an outdoor environment [9,16]. The application of comprehensive GC×GC-TOFMS is the common aspect between the current study and the other studies [9,16]. Further, this instrument allows the separation of complex VOCs present in the decomposition odor, allowing for its characterization.



Compound classes such as esters and analogues and linear aliphatic compounds were the most abundant classes detected in the current study. The generation of these classes of VOCs has been linked with the breakdown of fatty acids and carbohydrates during the post-mortem period [4,29,30]. These compound classes have also been detected in the VOC samples collected from skin and are produced due to the interaction of the microbiomes on the surface of the skin and with skin components (sweat, amino acids, sebum) [31,32]. However, the production of VOCs from the surface of the skin is dependent on factors such as the pathology and physiology of an individual. Therefore, during the early post-mortem period, the VOC profile could consist of VOCs which are linked to both post-mortem and ante-mortem odor, making it challenging to characterize.



The 104 compounds were chosen based on their minimum detection frequency accounting for their identification in 38% of the samples collected. Out of these 104 compounds, 8 have been previously reported in the headspace of human scent studies, urine, or in skin. The details of these compounds are provided in Table 2.



In this study, 19 VOCs that have been previously detected in human decomposition studies conducted on human remains or human donors were identified (Table 3). Their identification suggests that during the transition from ante-mortem odor to post-mortem odor, VOCs associated with the human decomposition process can be detected during the early post-mortem period. Further, the headspace analysis of VOCs from the donors in the morgue environment can lead to the identification of VOCs linked with the decomposition process. Although the abundance may vary, this analysis can provide a baseline VOC profile of a person soon after death. The morgue studies conducted by Statheropoulos et al. [28] and DeGreeff et al. [14] also reported VOCs related to decomposition processes, such as DMTS and DMDS, which were detected in the early post-mortem period in a morgue scenario. This study supports the findings from these previous studies [28].




4.2. Principal Component Analysis


Initially, PCA was conducted with 580 compounds identified in all donors. PC-1 and PC-2 accounted for 33% of the overall variance. The separation of donors along PC-1 and PC-2 highlighted variance in the VOC profiles between these donors. Donor H3 was separated from all other donors along PC-2, which explained 16% of the variance, and this separation of donor H3 indicated that it had a different VOC profile compared to the other donors. Intrinsic factors such as biological, physiological, and pathophysiological variation might have led to differences in the VOC profile of donor H3 during the early post-mortem period [46,47]. The loadings value of 580 compounds identified across all the donors was low (less than 0.1), suggesting that several compounds within these 580 compounds had a weak association with the donors present in the scores plot. Among the 580 compounds, ~60% of the compounds were identified with a detection frequency of one out of eight, indicating that these compounds had lower significance and might not strongly associate with all the donors in the scores plot contributing to their variances [47]. Thus, these low-detection compounds which were identified in less than three donor samples were removed from the PCA as they did not provide any donor-specific information. Stefanuto et al. [8] reported a similar finding from PCA based on matrices of data containing 1200 individual compounds identified in the study [47]. However, using all 1200 compounds for PCA provided no valuable information that can highlight the identification of compounds specific to the early post-mortem VOC profile. Thus, other PCAs were constructed with compounds identified at a higher minimum detection frequency of three out of eight donor samples, which reduced the dataset to 104 compounds. This cut-off, three of eight, was chosen heuristically based on compound quantity reduction.



The PCA, constructed with all the donors except donor H3, showed a noteworthy pattern of clustering and separation in the scores plot made up of VOC samples collected from seven donors. This clustering and separation pattern can be correlated to the PMI at which these samples were collected. The clustering of the VOC samples collected at different PMI intervals indicates a common suite of VOCs appearing at certain PMI, which can be expected across donors. The separation of VOC samples collected at different PMI intervals highlights the dynamic nature of VOC profiles released during the early post-mortem period. Moreover, it also highlights the fact that the decomposition process is not a single event but a continuous process [23,47].



The correlation plots and loadings plot of 104 compounds were used to Identify the association of VOCs responsible for causing these patterns in the scores plot. The loadings plot highlighted the subtle influences of the VOCs, contributing to the separation and clustering of these donors. For donors with higher PMI (H4 and H1), no VOCs in the correlation loadings showed a strong association [47]. VOCs previously reported in the decomposition literature were identified in the samples of donors H8, H9, H6, H2, and H7, which were collected at a lower PMI (Table S2). These decomposition-related VOCs were closest to the outer ring of the correlation loadings, indicating a strong association with these VOC samples and further contributing to the variances in the VOC sample collected at a lower PMI. Thus, the presence of decomposition-related VOCs in these donors indicates the change in the VOC profile as early as 14 h PMI. This finding can be useful in the context of search and rescue operations and HRD dog training. Furthermore, the PCAs were able to highlight and support the fact that even in a controlled environment, VOC profiles released during the early post-mortem period can change hourly, and these changes can be driven by VOCs related to the decomposition process. Further studies are required with similar instrumentation and methodology which would allow a direct data comparison and help us to build a dataset of VOCs which are present consistently in the early post-mortem period.



The biplot was constructed with scores plots consisting of VOC samples collected from seven donors and loadings showing 104 compounds classified into their compound class. The normalized areas for each compound within the list of 104 compounds were summed for each class. The biplot highlighted the correlation of different compound classes contributing to the variance in the VOC profiles of the donors in the early post-mortem period. Overall variability can be observed in the compound classes contributing to the variance in the donor profiles. Therefore, no single compound class strongly influences the VOC profiles across all donors during the early post-mortem period. This result supports the findings of an outdoor study conducted by Deo et al. [16], whereby a similar variability was observed in the donor VOC profiles collected across different donors and seasons.



Notably, sulfur-containing compounds were identified to be positively correlated to the donors H1 and H4, whose samples were collected at a higher PMI. Sulfur-containing compounds are produced due to the breakdown of proteins and are linked to bacterial activity. Thus, the identification of the sulfur-containing compounds can be correlated with the progression of the decomposition for these donors. In the case of donor H1, this positive correlation can be further supported by macroscopic changes such as greenish discoloration and venous marbling associated with the progression of the decomposition process during the early post-mortem period.




4.3. Limitations


Research on decomposition VOCs conducted with donors presents ethical and logistical challenges. These challenges introduce limitations and biases in the experimental design. In this study, limitations were presented in terms of limited control over the storage and transport of donors before arriving at the UQTR morgue facility. It is important to note that inherent sample-to-sample variation exists, as no two human beings are identical. This presents limitations in method optimization as sample-to-sample variation will exceed method-to-method variation. Potential experimental design biases in this study arise from the conscious effort to facilitate comparisons with previously conducted research. The experimental parameters, specifically the use of stainless-steel dual sorbent tubes, column combinations, modulation period, and normalization procedures, have been reported to be suitable for decomposition VOC analysis. For the current study, since other sample collection methods such as SPME or normalization procedures were not assessed, there may have been a bias introduced when establishing the study design.





5. Conclusions


Profiling VOCs from donors in indoor and outdoor environments during the early post-mortem period is an analytical challenge due to the low VOC abundance. In the present study, the experimental design and analytical method aided in the collection of the VOCs and investigation of the VOC profile released from the donors in the controlled environment (morgue) within a 6–72 h post-mortem period. The early post-mortem VOC profiles of the donors were identified to be complex immediately after death. These VOC profiles comprised different chemical classes identified at varying abundances. Moreover, several VOCs previously identified in the middle and later stages of the decomposition process were also identified in the VOC profiles of the donors between 14–40 h PMI. Their identification suggests that VOCs related to the decomposition process can be detected as early as 14–40 h PMI. Additionally, non-decomposition VOCs related to skin, donor medications, and biomarkers related to pathologies were also detected, highlighting the potential of this technique to be applied in forensic pathology and toxicology as a non-destructive approach to sample analysis. Furthermore, increasing the number of donors in future studies can aid in identifying the correlations of VOC abundance with the PMI interval and effects of refrigeration. A larger sample size would aid in building a database of VOCs that can consistently be detected during the early post-mortem period and act as biomarkers linked with the early post-mortem VOC profile.
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Figure 1. Sample collection method from donors in the UQTR morgue using the ACTI-VOC low flow pump and sorbent tube. 






Figure 1. Sample collection method from donors in the UQTR morgue using the ACTI-VOC low flow pump and sorbent tube.



[image: Separations 10 00566 g001]







[image: Separations 10 00566 g002] 





Figure 2. Percentage difference observed at 14 to 40 h PMI between the number of VOCs of an individual donor vs. the total VOCs identified in all eight donor samples (Note: PMIs are approximate time values and shown in increasing order). 
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Figure 3. Number of VOCs identified by chemical class (high to low) in the morgue study from all eight donors. 
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Figure 4. VOC chemical class distribution per donor identified during the early post-mortem period in the morgue study. 
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Figure 5. PCA showing (a) scores plot and (b) loadings plot calculated using pre-processed GC×GC TOFMS data of 580 compounds identified across all eight donors. Donor H3 was separated along PC-2 from all other donors along PC-2. The loadings plot shows the distribution of compounds along PC-1 and PC-2 with compounds having a value less than 0.1 indicating weak association with the donors present in the scores plot. 
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Figure 6. PCA (a) scores plot and (b) correlation loadings plot for PC-1 vs. PC-4. PCA were calculated using pre-processed GC×GC-TOFMS normalized peak areas of 104 compounds identified with a minimum detection frequency of three out of eight. The scores plot of PC-1 vs. PC-4 shows separation and clustering of donor samples collected at different PMI intervals. Here, blue circles represent donor samples (H9 and H6) collected at lower PMI (14 and 16 h), grey circles highlight donor samples (H1 and H4) collected at higher PMI (40 and 33 h), and green circles highlight donor samples (H2 and H7) collected at PMI of 21 and 24 h. The correlation plots highlight VOCs contributing to the variances in the donor VOC profiles. 
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Figure 7. Biplot of donors and compound classes, showing PCA scores and loadings calculated using donor and compound class data. Each compound class represents the sum of all the normalized peak areas of its constituent compounds. 
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Table 1. List of VOCs related to medications identified in the headspace of the body bags containing donors in the morgue study.
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	Donors
	VOCs
	Chemical Class
	Uses
	References





	H3
	Propofol
	Alcohol
	Inhalation and intravenous anesthetic
	[25]



	H4
	Methenamine
	Nitrogen-containing compound
	Antibacterial (urinary tract infection)
	[26]










 





Table 2. The frequency of detection, percentage abundance, sources of release, and citation in previous studies