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Executive Summary

This project focused on addressing the estimation of postmortem interval (PMI) in an arid
environment where bodies regularly desiccate. The co-principal investigators proposed two
methods to achieve this: (1) a qualitative method which scores gross change by assigning a
standardized total body desiccation score (TBDS), and (2) a quantitative method through
bioelectrical impedance analysis (BIA).

The TBDS scale, as designed, better describes the changes observed between desiccation and
skeletonization, giving a vocabulary and description of change to what is often described as a
period of stasis. In addition to the descriptive aspect, it does predict ADD (PMI indice) better in
desiccated remains than the TBS scale. In the course of this, a visual dictionary was created
which shows photographs of the terms used in decomposition research. This can be used to help
to create a standardized vocabulary and for training (Connor and Garcia 2018).

Bioelectrical impedance analysis continues to show promise as a technique for estimating the
PMLI. Further research is necessary to understand the sources and mechanisms of variation in the
statistical models and the techniques. The incorporation of multiple PMI estimation methods into
a single model shows some of the greatest promise for reducing error in PMI estimates.

Desiccation presents differently among climatic areas of the globe. The next step in the research
is to examine remains outside of FIRS to see if this desiccation vocabulary is applicable to other
areas of desiccation, and whether the predictive capabilities hold.

The result of this project are two significantly improved techniques for estimating PMI in
desiccated remains, one of which (BIA) had never previously been developed for use on human
remains. In the course of this research, the underlying mechanisms of the skeletonization of
desiccated remains are much better understood than before this project, as is the variation caused
by factors other than the PML
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1.0 Statement of the Problem

Estimation of the postmortem interval (PMI) is a complex aspect of medicolegal death
investigation. Probative problems are compounded by divergence from the expected trajectory of
decomposition, such as seen with bodies that desiccate rather than skeletonize. The primary
focus of research has been on the active decay phase, a product of autolysis, putrefaction, and
insect activity, which are expected to be regionally homogeneous and linear in trajectory. In
many environments, these processes lead to skeletonization. However, much less attention has
been paid to the processes that occur when the trajectory of decomposition does not result in
skeletonization.

Current methods to estimate PMI beyond the first few days include insect succession and
progression, patterns of gross tissue change based on observer experience, and the total body
score (TBS); experimental methods include the succession and progression of microbiological
communities. Insects and observer experience are probably the most commonly used methods
within the medicolegal community. However, observer experience is subjective and may lack the
probative robusticity necessary for judicial process. Concomitantly, in environments that foster
desiccation, the trajectory of oviposition and insect development may be altered or arrested by
remains too desiccated for insects to colonize. The TBS (Megyesi et al. 2005) shows a high
correlation with PMI (Simmons et al. 2010), but the correlation falters in advanced decay. For
example, the ability to predict accumulated degree days (ADD) using TBS as described by
Megyesi et al. (2005) was not accurate when the equation was used for TBS values greater than
22 in a longitudinal study in Texas (Suckling 2011). Connor and France (2013) showed similar
issues in western Colorado. Forensic microbiological methods have promise (Pechel et al. 2013)
but are still experimental and focus on the early period of active decay. Estimating a useful PMI
is a tenuous process, estimating PMI with desiccated remains is currently inaccurate and better
left undone.

In arid environments, desiccation may be sufficient to result in retention of the dermis and soft
tissue structures such as viscera, facial features, hematoma, scars, and tattoos. Collectively,
retention of these features appears to constitute stasis in the decomposition process. Yet, though
slow, change does occur in desiccated tissue, necessitating the development of analytical models
with the resolution necessary to detect subtle patterns of change. The assessment of complex
biological processes necessitates the development of multifaceted models, which may be collated
to detect subtle patterns of change. Toward that end, a two component modelling for the
estimation of PMI was proposed and tested at Colorado Mesa University’s Forensic Investigation
Research Station, Whitewater, Colorado. The two components are (a) the development of a Total
Body Desiccation Score (TBDS) to describe the macroscopic, qualitative trajectory of change
presented throughout desiccation; and (b) bioelectrical impedance analysis (BIA), a quantitative
method used to assess changes in extracellular fluid and tissue structure throughout
decomposition.

a. The Total Body Desiccation Score (TBDS): The first step was to accurately describe the
sequence of gross morphological change that occurs as the body desiccates. While not
typically considered “active decay,” significant changes present as the body stabilizes in late
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stage desiccation. Eventually, most desiccated remains exposed to a dynamic outdoor
environment do skeletonize. These changes should be able to be integrated into a body
scoring system, such as that initiated by Megyesi and others (2005), in a total body
desiccation score (TBDS), providing an ordinal-level of measurement.

At the initiation of the study, all human bodies in the FIRS outdoor facility followed the
same general pattern of desiccation. Detailed observations and photographs were taken, and
all were scored using the original TBS score. Under that system, a fresh body scores 3, a
fully skeletonized body consisting of dry bone scores 35. Using that system, 19 bodies placed
at FIRS prior to the study period retained scores of 24 (mummified tissue covering more than
one half of the body in any of the three scoring areas) for significant time periods. The four
remains placed over one year prior to the onset of the study had plateaued at a score of 24.
Yet, as described below, there are significant changes in color, body mass, and the
consistency of the skin within that year. The goal of this facet of the study was to describe
those changes and integrate them into the TBDS system. The parameters set for this
description system were that it be analytically robust and have low inter-observer error.

b. Bioelectrical Impedance Analysis (BIA): Since desiccation is the removal of water from
the tissue, the goal was to identify a quantitative method to measure changes in extracellular
fluid across the postmortem interval. Bioelectrical impedance analysis uses an alternating
current at a fixed frequency to measure electrical resistance and reactance within a biological
tissue circuit. Resistance measurements are based on the composition of electrolyte gradients
within the extracellular fluid, while reactance measures the capacitance of the phospholipid
bilayer of cell membranes. Relationships between bioelectrical properties and the PMI were
demonstrated in rats (Querido 1993). The resistance of rat abdominal walls decreased
inversely with postmortem interval. Similarly, an inverse relationship between extracellular
impedance measurements and postmortem interval was observed using rat abdomens
(Querido and Phillips 1997). The research goals were: (a) to ensure these relationships
transfer to humans; (b) determine how long the body will continue to show impedance
measurements; and (c) correlate these measurements with the PMI.

The authors hypothesized that the postmortem interval of human cadavers can be estimated due
to quantifiable changes that occur during decomposition due to changes in cellular and tissue
composition during autolysis and desiccation. The main goal was to provide improved measures
of desiccation. One objective would be through an ordinal, Likert scale called a total body
desiccated score. The second measure would be a ratio-level measure of the electrical changes in
the tissue. Finally both these measures would be correlated with accumulated degree-days to
provide an estimate of a PMI.
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2.0 Project Design and Implementation
Purpose, Goals, and Objectives

The purpose of this project is to develop techniques to better estimate the PMI of desiccated
human remains using collated qualitative and quantitative methodology.

Goal 1: Describe the gross morphological changes of advanced decay when desiccation
progresses to skeletonization in a manner to integrate with the total body score.

Standard methods of estimating the postmortem interval emphasize the path to skeletonization
and deemphasize the delay that desiccation may cause. Instead, an emphasis is placed on what is
considered active decay, when gross tissue changes are occurring quickly. However, slowly,
there are significant changes in desiccated tissue from the drying of the fingers noted early in
decomposition, to the thin tissue layer overlaying bone that precedes skeletonization in
desiccated remains. Changes in color, the appearance of the skin, the release of moisture, and the
thickness of the tissue layer are some of the specifics noted to date. The authors hypothesized
that these changes correlated to accumulated degree-days.

Goal 2: Develop and evaluate the use of bioelectrical impedance analysis as a method for
guantifying postmortem interval

Bioelectrical impedance analysis uses electrical currents to measure resistance and reactance.
Resistance measurements are based on the composition of the extracellular fluid, while reactance
measures the capacitance of the cell membranes. Impedance and other bioelectrical metrics were
derived from the measurements of resistance and reactance. Based on the bioelectrical properties
of tissue, postmortem changes in cellular structure and the composition of the extracellular fluid
can be measured using bioelectrical impedance analysis. The authors hypothesized that the PMI
of human cadavers can be estimated due to quantifiable changes that occur during decomposition
due to autolysis and desiccation. Relationships between bioelectrical properties and the PMI
have been demonstrated in nonhuman organisms. For example, the resistance of rat abdominal
walls decreased inversely with postmortem interval (Querido 1993). Similarly, Querido and
Phillips (1997) observed an inverse relationship between extra-cellular impedance measurements
and postmortem interval using rat abdomens. This project tested these methods on human
cadavers, rather than on animal proxies.

Review of Relevant Literature

The decomposition sequence is used as a gross, relative method of establishing PMI. The
decomposition sequence as generally described is a continuum divided into four or five stages
grading from fresh remains to skeletonization (e.g., Payne 1965, Reed 1958, Rodriguez and Bass
1983, Micozzi 1991; Perper 1993; Gill-King 1997; Love and Marks 2003). Desiccation of
remains is discussed as a natural method of preserving tissues under conditions of high
temperatures, low humidity, and good ventilation.

Studies in arid areas reveal a more complex process where desiccation slows or delays
decomposition, but rarely stops decomposition altogether (Parks 2011, Galloway et al. 1989;
Galloway 1997). In remains where desiccation is a dominant process, decomposition may exhibit
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a different pattern that includes the mummification of the superficial aspect of remains with
moist decomposition ongoing below the desiccated tissue (Parks 2011, Galloway et al. 1989).
Bass (1997) points out maggots avoid direct sunlight and will use the skin as “an umbrella to
protect them from the sunlight” (p.187). Drying of exposed tissue tends to alter insect utilization
of cadavers and frequently disrupts the serial succession that would be otherwise expected (Hall
and Doisy 1993; Archer and Elgar 2003). In many cases, desiccation appears to be a detour to
decomposition, as opposed to an end in itself that produces mummified remains.

Desiccated tissue certainly has the potential to last millennia, as any number of archaeological
examples show. In the general region of the study area (western Colorado), prehistoric mummies
are rare, but they exist (Watson 1961, McCracken et al. 1978). A mummy from Mesa Verde is
associated with Basketmaker material, making it over 1300 years old. The mummy, for which
Mummy Cave in Wyoming is named, was wrapped in a mountain sheepskin garment
radiocarbon dated to 1,230 +/- 110 years. The majority of archaecological skeletal material in the
region is skeletal (e.g., Bennet 1975, France 1988). The point being that in the study region
naturally desiccated remains exist and can persist long beyond the standard forensic time frame.

The last decade has seen substantial advances in forensic taphonomy, particularly in attempts to
quantify the postmortem interval (Megyesi et al. 2005; Simmons et al. 2010; Vass 2011).
Desiccation is acknowledged in these schemes to varying degrees based generally on whether the
author’s data set includes desiccated specimens. Megyesi and others (2005) include the drying of
eyes, ears, nose and mouth as part of their “early decomposition” stage, and “mummification
with bone exposure less than one half the area being scored” at the end of advanced
decomposition. Neither the article by Simmons and others (2010) nor the study by Vass (2011)
discusses the effect of desiccation on their efforts to quantify the postmortem interval.

The total body score proposed by Megyesi and others (2005) has proven a robust (Dabbs et al.
2016) and flexible tool. The use of body scores have been specialized for a variety of situations
such as charred remains (Gruenthal et al 2012) and submerged bodies (Widya et al 2012). The
advantage of using specialized body scores is that descriptive data, such as that in Galloway and
others (1989), is used in a more quantifiable form (i.e., ordinal-level scale) which can be
statistically manipulated. By using ordinal-data, the body scores have proven a powerful tool, if
not for predictive modeling, then for isolating variables which most strongly affect
decomposition (e.g., Simmons et al. 2010).

Decomposition processes vary with climatic conditions as shown by research at multiple forensic
research stations. For example, at the Anthropological Research Facility in Tennessee, Vass and
others (1999) suggested that remains were mainly skeletal by 1287 ADD. This decomposition
pattern is clearly not consistently the case in arid areas. Galloway and others (1989) suggested
that in an arid area, the high temperatures and low humidity alter the reported sequences and
timing of decomposition. However, they also conclude that there may be surface desiccation
within two weeks and insect and carnivore activity reduce these to skeletal elements in four to
six months. At the Forensic Anthropology Research Facility at Texas State University,
accumulated degree-days for mummification range from 241 to 1698, with skeletonization taking
from two months to more than two years (Wescott et al 2013). The University of Montana —
Missoula also has a research program that is examining decomposition in a relatively arid
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environment. The series of research projects completed use pigs as a surrogate for human
remains (Barnes 2000, Parsons 2009, Wagster 2007, White 2013), and is also finding that
desiccation occurs regularly. At the Montana site, three pigs used in research mummified within
the first 10 days. The first two pigs had mummified shells in 7 and 10 days with insect activity
under the shell for a few weeks thereafter (White 2013).

Closer to the study area, Connor and France (2013) examined forensic cases analyzed by
anthropologist Diane France in the vicinity of the study region. They ranged from frozen, to
adipocere, to mummified, to skeletonized — in a total of eight cases. The data were too few and
too variable to form a pattern, but they do provide data points. One of the more interesting cases
is a case from Weld County, Colorado where the remains experienced approximately 1284 ADD,
and was mummified on the exposed side, but showed insect activity inside and under the
mummified tissue (France, personal communication 2013). In another case, there was desiccated
tissue lasting to approximately 5884 ADD. Also, in this case, there was a clear line of
demarcation along the clothing line, with better preservation under the shirt, suggesting that the
clothing played a role in differential decomposition, as have other studies (e.g. Dautartas 2009,
Notter and Stuart 2012).

From the available data the authors were able to infer: (1) fully skeletonized remains are rare in
western Colorado and other areas in the western United States and skeletonization may take long
past 1280 ADD:; (2) a slowing of decomposition is seen with dehydrated tissue on the top portion
of the body, with active, moist decomposition occurring under this harder shell — a pattern also
noted by Galloway and others (1989) and Parks (2011); and (3) clothing does play a role in
differential decomposition.

These desiccation and skeletonization patterns prompted the investigation of BIA as a potential
method for quantifying PMI. BIA has traditionally been used to quantify the proximate body
composition (water, lipid, and lean masses) in living organisms (Van Marken Licthenbelt 2001).
BIA uses four electrodes to introduce the electrical current and to measure electrical resistance
and reactance. Resistance measurements are based on the composition of the extracellular fluid,
while reactance measures the capacitance of the cell membranes. Impedance and other
bioelectrical metrics can be derived from the measurements of resistance and reactance. Based
on the bioelectrical properties of tissue, postmortem changes in cellular structure and the
composition of the extracellular fluid can be measured using bioelectrical impedance analysis.
Relationships between bioelectrical properties and the postmortem interval have been
demonstrated in nonhuman organisms. For example, the resistance of rat abdominal walls
decreased inversely with postmortem interval (Querido 1993). Similarly, Querido and Phillips
(1997) observed an inverse relationship between extra-cellular impedance measurements and
postmortem interval using rat abdomens.
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Research Design and Methods
The Study Location

This research was performed at the Forensic Investigation Research Station (FIRS) located on
the Whitewater Campus of Colorado Mesa University. FIRS is in Mesa County, Colorado.
Altitude within the county ranges from about 4,300 feet along the Colorado River to 11,234 ft at
Leon Peak on Grand Mesa north of the facility. In the desert area of the county — where the
facility is — annual precipitation ranges from 8 to 10 inches. Summers are hot, winters are
moderate and the frost-free season ranges from 100 to 125 days (Spears and Kleven 1978). FIRS
is in the area of Utaline-Neiman-Lazear association of soils. These are well-drained loam soils
formed in materials weathered from basalt and sandstone (Spears and Kleven 1978). Generally,
the soil is alkaline and an inch of topsoil can take approximately 2,000 years to form in this area
(Swift 2012). The soil map for the county shows that the facility is in an area of Billings silty
clay loam (Spears and Kleven 1978). The natural vegetation is mainly saltbush, rabbit brush,
Galleta and Indian ricegrass. Construction destroyed most of the vegetation in the immediate
area of the facility, but saltbush was planted in the outdoor facility to assist in screening the
remains from the air and from distant areas with some visibility into the fenced area. The authors
are taking soil samples from the outdoor facility now, before heavy use as a decomposition
facility begins and has the potential to change soil characteristics. These samples can be used as
a base for later soil analysis.

FIRS includes a 2700 sq. ft. building with a classroom, a processing laboratory, a morgue cooler,
and a skeletal collection storage room. The FIRS facility also includes one acre of fenced land.
At 4780’ AMSL it is the highest decomposition research facility currently using human remains,
the next closest being the facility in Western Carolina University at approximately 2200° AMSL.
With an average annual precipitation of less than nine inches, it is also the driest facility, with the
next driest being the facility near Sam Houston University with an approximate annual
precipitation of 32 inches. Grand Junction, Colorado is also a relatively sunny area, receiving
approximately 70% of available sunshine. Being in an arid, high-altitude desert, FIRS has an
environment unlike the other extant decomposition study centers.

A HOBO weather station, located inside the fence in the outdoor facility records temperature,
humidity, rainfall, wind speed and direction, and solar radiation on an hourly basis. Standard data
collection on all human remains includes regular photographs and TBS assessment.

Methods

Total Body Desiccation Score (TBDS). The study consisted of three stages: (1) a long-term
observation of 40 human bodies used to develop a scoring system much of which occurred prior
to the current grant; (2) scoring of 17 bodies by one individual to assess whether the observations
correlate with the postmortem interval; and (3) scoring multiple bodies diachronically and
synchronically to test the correlation with the post-mortem interval.

Stage 1: Long-term observation of 40 human bodies was used to develop a pilot model for
scoring the trajectory of desiccation. Categories included color, bloat, moisture, desiccation, and
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skeletonization. Subcategories were identified to describe both intragroup variation, and the
progression of decompositional change. Subcategories were weighted with a score that increased
in value as decomposition progressed, resulting in a maximum combined score (TBDS) of 100.
Categorical change was compiled into a standard scoring matrix. The scores were applied to
body regions following Megyesi et al (2005), defined as: (1) head/neck; (2) thorax; (3) arms; and
(4) legs. The arms and legs were separated as suggested by Dabbs and others (2016).

Stage 2: Photographic packets were compiled to test the new model. In order to represent a range
of seasons and postmortem intervals, a sequential data pool of 40 donors was sampled and every
fifth donor was selected (n=8). Each donor was represented by monthly data points commencing
on the date of deposition and ending either at the time of recovery, or at the terminus of the study
(May 2016). Randomly generated numbers replaced body numbers and dates. This method
produced a study cohort composed of 17 donors which yielded 112 data points; each data point
represented one body and one date. To avoid hindsight bias, the second author scored each
packet and the senior author analyzed the data independently. Each category (color, bloat,
moisture, desiccation, and skeletonization) was independently assessed to determine degree of
correlation to ADD. Subcategory scores were re-weighted to reflect changes made to the pilot
scoring model and standardized for daily data collection.

Stage 3: The modified scoring matrix was introduced to daily data collection at the end of 2017.
Daily data collection protocols and a photographic index were established to ensure continuity in
daily data collection. All donors placed proceeding the initiation of data collection were scored
daily, resulting in the diachronic scoring of 12 donors at the terminus of the study period.
Additionally, a broader study cohort composed of donors presenting advanced decomposition
and desiccation were scored periodically, resulting in a synchronic data set composed of 41
bodies. These data were assessed to test the model’s correlation to the postmortem interval.

Bioelectrical Impedance Analysis (BIA). Over the course of the study multiple electrode types
(i.e., gel pads and needles), electrode distances (i.e., variable distance and fixed distance
electrodes), body segments (i.e., landmark and segmental BIA), and measurement intervals (i.e.,
daily and weekly) were evaluated to refine and improve the use of BIA for estimating PMI. All
methods used 50 KHz 400 pA, tetrapolar BIA with distal current source electrodes and proximal
current detecting electrodes. Two electrode types were used: (1) adhesive gel pads (RJL
Systems; required the use of duct tape and stitches to maintain adhesion during decomposition);
and (2) 0.7 mm x 38.1 mm aluminum hub hypodermic needles. Variable distance measurements
used paired current source — detecting electrodes positioned 10 cm apart and the distance
between detecting electrodes varied with donor stature. Fixed distance measurement did not vary
with donor stature and maintained a constant 6.2 cm distance between detecting electrodes and
3.5 cm between a current source and detecting electrode. Body segments (hand-foot, hand-
shoulder, and thigh-foot were isolated by positioning electrodes at anatomical landmarks on one
side of the body. In contrast, segmental BIA used electrodes positioned on both hands and feet
and isolated body segments using different combinations of current source and detecting
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electrodes. The following combinations of electrode type, distance, body segment, and
measurement interval were used in the study.

e Variable-distance, gel pad electrodes: Gel pad electrodes using anatomical landmarks to
isolate body segments were positioned on one side of the body. Paired current-detector
electrodes were positioned 10 cm apart at the hand and foot. Resistance, reactance, and
body temperature were measured daily, given adequate staffing and weather conditions.

e Variable-distance, unilateral needle electrodes: Needle electrodes using anatomical
landmarks to isolate body segments (Table 3.2) were positioned on one side of the body.
Paired current-detector electrodes were positioned 10 cm apart at the hand, shoulder, hip,
and foot. Resistance, reactance, and body temperature were measured daily, given
adequate staffing and weather conditions.

e Variable-distance, bilateral needle electrodes: Needle electrodes positioned on both hands
and feet to isolate body segments (Table 3.3). Resistance, reactance, and body
temperature were measured daily, given adequate staffing and weather conditions.

e Fixed-distance: Needle electrodes positioned at the mid-humerus and mid-femur,
bilaterally. Resistance, reactance, and body temperature were measured daily, given
adequate staffing and weather conditions.

To estimate the PMI (i.e., ADD) a linear mixed effects modeling approach was used with the
Ime4 package (Bates et al. 2015) in Program R (R Core Team 2017). Linear mixed effects
models were used due to the lack of independence among measurements within each body, an
unbalanced design, and the ability of the model to account for variation among individual bodies
that could not be characterized during model application (e.g., proximate body composition). In
the reported models ADD (transformation logio ADD+1) was the response variable, the fixed
effects were TBS? and Zs (s indicates measurement in series and 1 indicates the impedance was
standardized by the distance between electrodes), and the random effects (random intercept and
slope) were Zg and donor. This model was compared to a model without TBS?. Models were
evaluated using observed versus predicted ADD with the same data used to develop the model.

Preliminary analysis indicates that donor temperature affects resistance and reactance
measurements. Originally donor temperature was included in the regression models, but this
approach was problematic since a temperature-based metric was used as the indice of PMI. To
develop temperature correction equations for R and X, a pork roast was cooled and allowed to
warm while R, X, and temperature were measured. The cooling-warming sequence was repeated
at multiple stages of decomposition. Four modeling approaches were used to develop correction
equations: random intercept regression, multiple regression, 2.5% correction (Querido 2000), and
a percent correction based on the pork roast data. The means sum of the differences squared was
used to compare the modeling approaches.
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3.0 Results
Total Body Desiccation Score

Stage 1. In the observation phase, many of the early-stage changes noted by Megyesi et al (2005)
were similar in the study cohort and were maintained in the scoring matrix. However, there were
prominent differences in the color category. The majority of the observed differences were in the
advanced stages of decomposition and subcategories were added to reflect these differences.
Additionally, categories were established to reflect region specific changes in moisture and
desiccation, creating a more finely grained scoring for skeletonization than in the original TBS
system.

The primary categories of change were defined as: color, bloat, moisture, desiccation, and
skeletonization. Subcategories were assigned as follows:

Color: natural, marbling, gray/green, black/ orange, brown/orange, and parchment
(Figure 3.1). Color change is not homogeneous across the decomposition event; a donor
may present all defined iterations of color change, or a variable subset within. These
subcategories captured prominent points within the continuum observed among the
majority of remains.

Bloat: none/fresh, slight, full bloat, and post bloat. Pre-bloat and post-bloat could usually
be differentiated by the caving of tissues found in the post-bloat specimens.

Moisture: none, purge, soil surrounding remains wet, the remains “sweating” or
“glistening”, and by dry remains (Figure 3.2).

Desiccation: none, drying of edges (fingers, toes, ears, etc.). Three categories then
seemed to overlap in the middle of the sequence were identified and defined as skin that
presented as rawhide, skin that was crenulated, and skin presenting a rough surface
termed “pebbled mosaic” (Figure 3.3). The “pebbled mosaic” appears to be a sloughing
of the external epidermis where islands of raised tissue remain between the sloughed
areas. The final stage in desiccation before skeletonization was a stage called
“parchment” where the tissue became increasingly thin and dry, eventually mechanically
breaking from wind, rain, or similar ambient variables.

Skeletonization in Megyesi et al (2005) was broken into categories based on whether the
body area score was over or under 50%. This proved too broad a category for a
geographical area where it could take a year before any bone was exposed. For this
project, it was changed was to four categories: (1) 0 bone exposed; (2) 1-25%, (3) 25-
50%, (4) 50-75%, and (5) 75-100% of the body area exposed. This resulted in finer
grained information, but a score that could still be estimated in the field (Figure 3.4)
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Qualitative filters: changes that either had not happened, were in the process of
happening, or had occurred. One was defined for each body segment scored. They were:
(1) the exposure of the maxillary dentition, (2) the visible definition of the patella, (3) the
visible definition of the ribs and pelvic girdle, creating an “O” shape in the abdomen, and
(4) the visible definition of the humoral head (Figure 3.5).

As these observations were being collated, a visual dictionary was created, which shows pictures
for each term used in the scoring system as well as a number of terms used in decomposition
research (adipocere, marbling, purging, skin slippage) (Connor and Garcia 2018). The junior
author went through the pictures from the FIRS data collection and selected examples of early
stage, normal and extreme versions of each condition, where appropriate. This is in draft as the
senior author is still in the process of removing identifying features from the photographs, but the
material is incorporated into the FIRS Technical Manual series and currently being used to train
Interns.

Stage 2

The five categories: color, bloat moisture, desiccation, and skeletonization were each correlated
against ADD and then added together in a total body desiccation score (TBDS) and correlated
with ADD (Figure 4). Of the individual categories, bloat correlated the worst with ADD (). Color
and moisture had stronger correlations at higher ADD categories. The desiccation category, as
defined, initially shows a solid correlation with ADD, but spreads out in the later stages (Figure
3.6).

When the same sample was compared for TBS and TBDS, both showed the same correlation
(1?=0.87), and the TBDS had a higher standard error (TBS se=.298; TBDS se=.417). However,
when the later stages of decomposition were examined (TBS>20 and TBDS>50), the TBDS had
a slightly higher correlation (TBS r’=.504 and TBDS r’=.600) and a lower standard error (TBS
se=.253; TBDS se=.163), suggesting that the TBDS does provide a higher resolution for the later
stages of decomposition.

Stage 3

On May 29, 2018 41 bodies that were in the outside facility at FIRS were scored using a single
observer for both TBS and TBDS. The correlation co-efficient between the decomposition scales
and ADD were:

I (tBDS, ADD) = 0.79

I (tBS, ADD) = 0.68

The ADD ranged from 590 to slightly over 21,000, but this was generally a late-stage.

3-2
This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.



The TBDS scale does predict ADD better in desiccated remains than the TBS scale. The TBDS
systems performs as designed and better describes the changes seen between desiccation and
skeletonization, giving a vocabulary and description of change to what is often described as a
period of stasis.

However, desiccation presents differently among climatic areas of the globe. The next step in the
research is to examine remains outside of FIRS to see if this vocabulary is applicable to other
areas of desiccation, and whether the predictive capabilities hold.

Bioelectrical Impedance Analysis (BIA)

The length of time (ADD) BIA measurements were possible varied among the four BIA
measurement approaches (Tables 3.1-3.4). The measurement methods in order from shortest to
longest measurement period were variable-distance gel pad electrodes positioned at the hand-
foot position, variable-distance needle electrodes positioned at anatomical landmarks, variable-
distance needle electrodes using segmental techniques, and fixed-distance needle electrodes.

Variable-distance, gel pad electrodes using anatomical landmarks yielded measurements for the
shortest PMI. However, Z standardized by stature showed strong correlations with ADD (Hansen
et al. 2017; Table 3.1; Figure 3.7).

Variable-distance, needle electrodes using anatomical landmarks yielded measurements for the
second shortest PMI. The measurement period was similar among all four body-segments.
Models accounted for >90% of the variation when accounting for random effects (conditional
R?) and >70% of the variation for fixed effects (marginal R?) excluding the shoulder-thigh body
segment (Table 3.2; Figures 3.8-3.12).

Variable-distance, needle electrodes positioned on both hands and feet to isolate body segments
yielded measurements for the second longest PMI. The difference in PMI is based on the
positioning of the electrodes and the pattern of current sources and detecting electrodes used by
the segmental equipment. Models accounted for less of the variation in the data compared to the
measurement approach using anatomical landmarks (Table 3.3; Figures 3.13-3.25). The
increased variation may be attributed to the increased measurement period, or due to a greater
number of donors used in the models. The outdoor facility at FIRS presents a slight camber
along which donors were horizontally placed, resulting in downslope orientation of one lateral
half of the body. Differences in slope orientation were considered in analysis. Models for
measurements on the downslope side of the body were more variable than the upslope side of the
body based on model coefficient standard errors and coefficient of determinations (Table 3.3).
The upslope body segments were similar in the measurement period and the amount of variation
accounted for by the LMM model. The models for body segments with measurements across
both sides of the body accounted for similar amount of the variation when random effects were
included (conditional R?) but accounted for less variation in the fixed effects (marginal R?; Table
3.3).
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Fixed-distance, needle electrodes positioned bilaterally at the mid-humerus and mid-femur
yielded BIA measurements for the longest PMI. Similar to the variable-distance segmental
approach, the downslope side of the body yielded more variable measurements than the upslope
side. Models including random effects account for a higher amount of variation (conditional R?)
than the variable-distance needle electrode segmental approach, but similar to variable-distance
needle electrode anatomical landmark method (Table 3.4; Figures 3.26-3.29). However,
compared to the other measurement methods the fixed-distance approach did not account for as
much of the variation when evaluating the model fixed effects only (marginal R?). Compared to
the other measurement methods the fixed-distance approach used the highest number of different
donors.

To develop temperature correction equations for resistance and reactance measurements only a
pork roast was used. No bodies in the appropriate condition (i.e. fresh, non-autopsied, presenting
no trauma or significant pathology) were available when the appropriate environmental
conditions occurred for cooling and warming the remains. In the comparison of correction
models, multiple regression yielded the lowest mean sum of squares (Table 3.5; Figure 3.30).
Further development of the models using human subjects is necessary before utilizing
corrections for use in predictive models.

Conclusions

An arid environment significantly affects the decomposition trajectory away from the patterns
described in the literature from elsewhere, particularly the eastern Woodlands of the United
States. Changes include differences in the sequences of bloat and color. Moist decomposition can
last years. A long period of stasis occurs between moist decomposition and skeletonization.

The first portion of this project described the differences in decomposition, the second tried two
techniques to predict the post-mortem interval in arid environments. The TBDS scale does
predict ADD better in desiccated remains than the TBS scale. It does what it was designed to do
and better describes the changes seen between desiccation and skeletonization, giving a
vocabulary and description of change (Connor and Garcia 2018) to what is often described as a
period of stasis.

Bioelectrical impedance analysis continues to show promise as a technique for estimating the
PMI. Further research is necessary to understand the sources and mechanisms of variation in the
statistical models and the techniques. The incorporation of multiple PMI estimation methods into
a single model shows some of the greatest promise for reducing error in PMI estimates.
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Table 3.1. Coefficients for the quadratic regression equation ZH=B0+ f1-ADD+ f2-ADD2+¢ for
each donor. Coefficient standard errors (S.E.) are in parentheses. Hansen et al. 2017.

Degrees
Bo Bi B2 of Coefficient of
Cadaver (S.E.) (S.E)) (S.E.) freedom  F-statistic  p-value  determination (R?)

5.1451 -0.0706 0.0003

A (0.7324)  (0.0148)  (0.0001) 3,14 14.331 <0.001 0.67
5.7973 -0.1142 0.0007

B (06986) (0.0166) (0.0001) > 67.996  <0.001 095
4.1960  -0.0770 0.0005

C (0.6257)  (0.0159) (0.0001) 3,5 27.440 0.002 0.92
4.6621 -0.0913 0.0005

D (0.7086)  (0.0132)  (0.0001) 3,9 127.988 <0.001 0.98

This resource was prepared by the author(s) using Federal funds provided by the U.S.
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Table 3.2. Fixed effect coefficients from linear mixed effects model for variable-distance BIA measurements using anatomical landmarks and needle
electrodes to isolate body segments.

Fixed effects
Intercept TBS? BIA  Marginal Conditional ADDmax  ADDpax ADDnax

Body Segment  Bodies n Intercept S.E. TBS? S.E. BIA S.E. R? R? mean  minimum maximum
Hand-Foot 5 211 -90.67 62.07 1.47 0.03 24.83  39.03 0.73 0.94 546 213 874
Hand- 5 211 -58.99 62.66 1.35 0.03 6.79 9.07 0.74 0.95 561 213 778

Shoulder
Shoulder-Foot 5 196 -42.95 52.01 1.31 0.03 0.77 23.30 0.73 0.95 480 213 654
ShT"}‘llggr' 5 187  27.68 5401 126 003 2767 4332 053 0.96 516 213 855
Thigh-Foot 5 221 -90.00 60.39 1.44 0.03 27.82  25.83 0.74 0.95 625 213 874
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Table 3.3. Fixed effect coefficients from linear mixed effects model for variable-distance BIA measurements using segmental BIA and needle

electrodes Asterisks (*) indicate the measurement was on the downslope side of the body, dagger () indicates slope was not applicable.

Fixed effects
Intercept TBS? BIA Marginal Conditional ADDmax  ADDmax ADDax

Body Segment  Bodies n  Intercept S.E. TBS? S.E. BIA S.E. R? R? mean  minimum maximum
Hand-Foot 12 763 -201.95  46.14 167 0.06 30.11 1747 0.59 0.84 766 222 1828
Hand-Foot* 12 720 -224.14  59.87 184 0.08 26.66  22.07 0.47 0.70 860 223 1828
Hand-Shoulder 12 803 -24120 4187 186 0.06 1971 545 0.71 0.89 854 27 1919
Hand-Shoulder* 12 727 -16550 4389 183 0.07 101 654 0.44 0.77 890 250 2125
Shoulder-Thigh 11 458 -14349 4081 175 0.07 39.92  24.08 0.46 0.86 904 26 1841
Shoulder-Thigh* 9 476 -129.10 6572  1.82 007 5238  38.62 0.31 0.95 1008 522 1820
Thigh-Foot 12 730 -19846 5581 178 0.06 3389 6.2 0.67 0.87 961 278 2125
Thigh-Foot* 12 728 -18530 9396 202 0.07 17.06  9.88 0.36 0.80 1036 223 2054
Hand-Hand+ 11 725 -19524 5492 160 0.06 19.12 17.37 0.48 0.56 818 110 1828
Foot-Foot 12 744 -16888  79.11 178 0.07 33.07 1823 0.43 0.85 917 223 1828
gﬁfilvgeﬁel;gf: 8 693 -19243 7017 183 008 1544  17.70 0.43 0.82 1008 430 2187
Tr:r';i‘_'liftel:gg,rht 8 685 -252.89 5887 192 007 3162 126600  0.65 0.87 928 260 1828
Whole Bodyt 7 826 -243.06  68.67 212 007 6942 957 0.70 0.81 1160 523 2187
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Table 3.4. Fixed effect coefficients from linear mixed effects model for fixed-distance BIA measurements using needle electrodes. Asterisks (*)
indicate the measurement was on the downslope side of the body.

Fixed effects
Intercept TBS? BIA Marginal  Conditional ~ADDpax ADDiax ADD pnax
Body Segment Bodies n  Intercept S.E. TBS? SE. BIA SE. R? R? mean minimum  maximum
Midfemur 27 451 -31.19 97.76 2.21 0.15 20.04 8.60 0.23 0.94 1551 47 5819
Midfemur* 25 433 -46.58 213.42 2.79 0.20 8.82 1.18 0.67 0.88 1668 47 6072
Midhumerus 22 276  -124.68 42.44 1.77 0.10 9.24  3.08 0.44 0.91 820 47 1976
Midhumerus* 23 392 33.81 200.83 2.15 0.14 17.03 6.01 0.13 0.95 1286 47 6128
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Table 3.5. Equations used to correct BIA resistance, reactance, and impedance readings to
temperature using four different models. (c=corrected, m=measured, T=temperature, T20=20° C,
R=resistance, X=reactance, Z=impedance).

Model Equation
Rc=1.7-102+4.5-10"9-BIAm- 1.4:10°-(T20-Tm)
Random Intercept Xc=8.8+6.1-10"*BIAn- 1. 8-103-(T20-Thm)

Zc — (RCZ 4 XCZ)O.S

Rc=-25.87 + 1.32'BIAm - 2.99-(T20-Tm)
Xc=3.63 +0.61'BIAn+ 0.06:(T20-Tm)
Zc — (RCZ 4 XCZ)O.S

No correction reported for R

2.5 Percent Correction No correction reported for X
Ze=7Zm-|T20°0.025|

Re=Rm - [T20°0.014|

Xe=Xm- [T20:0.300]

Z.= (R+X2)"?

Multiple Regression

Percent Correction

Section 5-14
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0 Natural 1 Marbling 2 Gray/Green 4 Brown/Orange 5 Parchment

Figure 3.1. Changes in color seen throughout the decomposition process

0: None 1: Purge 2: Surrounding soil wet 3: Sweating/glistening 4: None; desiccated

Figure 3.2. Changes in moisture seen throughout the decomposition trajectory.
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Figure 3.3. Changes in tissue quality over the decomposition trajectory
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Figure 3.4. Changes in skeletonization seen in the thorax.
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Figure 3.5. Qualitative filters used in the scoring of the total body desiccation score.
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Figure 3.6. Accumulated degree days graphed with total body desiccation score.
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Figure 3.7. Relationship between Zy and ADD for cadavers. The numeric value of the symbols
represents the PMI in days. Quadratic regressions were used to fit solid lines. Dashed lines
represent 95% confidence limits. (Hansen et al. 2017).
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Figure 3.8. Observed versus predicted ADD for variable-distance BIA measured using needle
electrodes and anatomical landmarks to isolate the hand-foot body segment on the upslope side
of the donor. Error bars represent the 95% prediction interval. The line represents the 1:1
relationship between observed and predicted ADD.
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Figure 3.9. Observed versus predicted ADD for variable-distance BIA measured using needle
electrodes and anatomical landmarks to isolate the hand-shoulder body segment on the upslope
side of the donor. Error bars represent the 95% prediction interval. The line represents the 1:1
relationship between observed and predicted ADD.
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Figure 3.10. Observed versus predicted ADD for variable-distance BIA measured using needle
electrodes and anatomical landmarks to isolate the shoulder-foot body segment on the upslope

side of the donor. Error bars represent the 95% prediction interval. The line represents the 1:1
relationship between observed and predicted ADD.
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Figure 3.11. Observed versus predicted ADD for variable-distance BIA measured using needle
electrodes and anatomical landmarks to isolate the shoulder-thigh body segment on the upslope
side of the donor. Error bars represent the 95% prediction interval. The line represents the 1:1
relationship between observed and predicted ADD.
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Figure 3.12. Observed versus predicted ADD for variable-distance BIA measured using needle
electrodes and anatomical landmarks to isolate the thigh-foot body segment on the upslope side
of the donor. Error bars represent the 95% prediction interval. The line represents the 1:1
relationship between observed and predicted ADD.
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Figure 3.13. Observed versus predicted ADD for variable-distance BIA measured using needle
electrodes positioned on the hands and feet to isolate the hand-foot body segment on the upslope
side of the donor. Error bars represent the 95% prediction interval. The line represents the 1:1
relationship between observed and predicted ADD.
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Figure 3.14. Observed versus predicted ADD for variable-distance BIA measured using needle
electrodes positioned on the hands and feet to isolate the hand-foot body segment on the
downslope side of the donor. Error bars represent the 95% prediction interval. The line
represents the 1:1 relationship between observed and predicted ADD.

Fig- 8
This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.



8000 -

. C BIA
7000 1| —— 1:1 relationship

6000
5000

4000 -

Predicted ADD

3000 A

2000 -

1000

0 1000 2000 3000 4000 5000 6000 7000 8000

Observed ADD

Figure 3.15. Observed versus predicted ADD for variable-distance BIA measured using needle
electrodes positioned on the hands and feet to isolate the hand-shoulder body segment on the
upslope side of the donor. Error bars represent the 95% prediction interval. The line represents
the 1:1 relationship between observed and predicted ADD.
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Figure 3.16. Observed versus predicted ADD for variable-distance BIA measured using needle
electrodes positioned on the hands and feet to isolate the hand-shoulder body segment on the
downslope side of the donor. Error bars represent the 95% prediction interval. The line
represents the 1:1 relationship between observed and predicted ADD.
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Figure 3.17. Observed versus predicted ADD for variable-distance BIA measured using needle
electrodes positioned on the hands and feet to isolate the shoulder-thigh body segment on the
upslope side of the donor. Error bars represent the 95% prediction interval. The line represents
the 1:1 relationship between observed and predicted ADD.
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Figure 3.18. Observed versus predicted ADD for variable-distance BIA measured using needle
electrodes positioned on the hands and feet to isolate the shoulder-thigh body segment on the
downslope side of the donor. Error bars represent the 95% prediction interval. The line
represents the 1:1 relationship between observed and predicted ADD.

Fig-12
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Figure 3.19. Observed versus predicted ADD for variable-distance BIA measured using needle
electrodes positioned on the hands and feet to isolate the thigh-foot body segment on the upslope
side of the donor. Error bars represent the 95% prediction interval. The line represents the 1:1
relationship between observed and predicted ADD.
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Figure 3.20. Observed versus predicted ADD for variable-distance BIA measured using needle
electrodes positioned on the hands and feet to isolate the thigh-foot body segment on the
downslope side of the donor. Error bars represent the 95% prediction interval. The line
represents the 1:1 relationship between observed and predicted ADD.
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This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.
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Figure 3.21. Observed versus predicted ADD for variable-distance BIA measured using needle
electrodes positioned on the hands and feet to isolate the hand-hand body segment of the donor.

Error bars represent the 95% prediction interval. The line represents the 1:1 relationship between
observed and predicted ADD.

Fig-15
This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.
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Figure 3.22. Observed versus predicted ADD for variable-distance BIA measured using needle
electrodes positioned on the hands and feet to isolate the foot-foot body segment of the donor.

Error bars represent the 95% prediction interval. The line represents the 1:1 relationship between
observed and predicted ADD.
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This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.
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Figure 3.23. Observed versus predicted ADD for variable-distance BIA measured using needle
electrodes positioned on the hands and feet to isolate the transverse (right arm — left leg) body
segment of the donor. Error bars represent the 95% prediction interval. The line represents the
1:1 relationship between observed and predicted ADD.
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Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.
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Figure 3.24. Observed versus predicted ADD for variable-distance BIA measured using needle
electrodes positioned on the hands and feet to isolate the transverse (left arm — right leg) body
segment of the donor. Error bars represent the 95% prediction interval. The line represents the
1:1 relationship between observed and predicted ADD.
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Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.
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Figure 3.25. Observed versus predicted ADD for variable-distance BIA measured using needle
electrodes positioned on the hands and feet to isolate the “whole body” body segment of the
donor. Error bars represent the 95% prediction interval. The line represents the 1:1 relationship
between observed and predicted ADD.
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Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.
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Figure 3.26. Observed versus predicted ADD for fixed-distance BIA measurements using needle
electrodes positioned at the mid-humerus on the upslope side of the donor. Error bars represent
the 95% prediction interval. The line represents the 1:1 relationship between observed and
predicted ADD.

Fig-20
This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.
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Figure 3.27. Observed versus predicted ADD for fixed-distance BIA measurements using needle
electrodes positioned at mid-humerus on the downslope side of the donor. Error bars represent
the 95% prediction interval. The line represents the 1:1 relationship between observed and
predicted ADD.
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Figure 3.29. Observed versus predicted ADD for fixed-distance BIA measurements using needle
electrodes positioned at mid-femur on the upslope side of the donor. Error bars represent the

95% prediction interval. The line represents the 1:1 relationship between observed and predicted
ADD.
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This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.
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Figure 3.30. Observed versus predicted ADD for fixed-distance BIA measurements using needle
electrodes positioned at mid-femur on the downslope side of the donor. Error bars represent the

95% prediction interval. The line represents the 1:1 relationship between observed and predicted
ADD.
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This resource was prepared by the author(s) using Federal funds provided by the U.S.
Department of Justice. Opinions or points of view expressed are those of the author(s) and do not
necessarily reflect the official position or policies of the U.S. Department of Justice.
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ABSTRACT: Estimation of postmortem interval (PMI) is a critical component of death investigation. A cadaver can be hypothesized 1o be a
resistor—capacitor (RC) circuit the impedance (Z) of which changes in & guantifiable manner as the cadaver decomposes. This hypothesis was
tested using bioelectrical impedance analysis (BIA) cquipment to apply a cement with a fixed amplitude at a single frequency to four cadavers
over ime and measuring two components of £, resistance (R) and reactance (X_). Quadratic regression analysis between £ and accumulated
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The estimation of postmortem imterval (PMI) is a critical com-
ponent of medicolegal death investigation. Accurate PMI esn-
mates have the potential to aid in identification of unknown
remuains, inform cause and manner of death, distinguish ante-
andfor permoriem trauma and pathology from  postmortem
artifuct, and facilitate suspect pool structure. While a critical
investigative tool, PMI estimation is complex and becomes
mcreasingly so as the PMI lengthens. Decomposion s a
dynamic, but ultimately reductive, process. The rate and manner
of reductton are dictsted by extant biotic and abiotic variables
within both the postdeposiion environment and individual
remains, Medicolegal professionals concerned with the estima-
tion of PMI are limited by these dynamic, degenerstive chrono-
biological changes; as PMI increases, the accuracy of methods
for estimation decreases with a concomitant increase in emor.
Methods for early PMI estimation typically rely on physiochemi-
cal changes, which are diverse and variably applied. Examples
include gross opacity of the sclern (1), vitreous chemistry
(sodium, potassium, and chlorde composition) (2}, cadaver tem-
persture collected from anatomically defined sites, including:
neural (3), rectal (4), otic (5), and optic (6), spectropholometric
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analysis of lividity (7}, development and recession of ngor mor-
tis (8), cellular comtent of cerebrospinal fluid (9), and post-
mortem  changes to  lactale and malate  dehydmogenase
concentration in the human liver (10). Late-stage estimation has
traditionally been hmited to macroscopic analysis of gross tissue
change, including putrefaction, adipocere formution, and mum-
mification (11). However, rate and trajectory of gross tissue
change are dependent on variables within the postdeposition
environment, including temperature, pH, partial pressure of
atmosphenc gasses, and insect, microbial, and faunal swecession
(12), making macroscopic methods both subjective and impre-
cise. In an effort 1o account for this broad suite of variables,
Vass et al. (13) applied accumulated degree duys (ADD) 1o the
estimation of PML Megvesi etal. (14) expanded vpon this
model by defining a series of value-assigned categories of
change o body regions, the sum of which yields a total body
score (TBS). When applied to the model’s given regression
equation, TBS provides an estimate of ADD, which in tum pro-
duces an estimation of PMI when retrospectively applied to local
temperature data. However, because a suite of vaniables bevond
ambient lemperature may affect the trajectory of decomposition,
“universal” models govened by a single vanable are inherently
problematic. For example, the location of the wempermture mea-
surement can be a source of emor (15.16). As a result, methods
developed for predicting PMI bave trended toward measuring
changes in additional vanables such as the temporal progression
and succession of the necrobiome (17), and =0l biogeochemical
assessment (18). These methods attempt to measure and quantify
the rate of change expressed by a biological phenomenon based
on changes 1o composition attendant to the decomposition event
and have potential for apphcation for late-stage PMI estimation.
In the pursuit of improving PMI estimates, bielectrical impe-
dance analysis (BIA) is presented as an alternative method.
Bioelectnical impedance analysis technology was developed
for  healthcare  application, primanily for the estimaton of
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proximate body composition (water, lipid, and lipid-free dry
masses) (19,200, In its constituent parts, the human body is com-
posed of lipid-free mass (evervthing structural that is not body
lipids, including visceml protein and bone mineml), total body
water (composed of extmesllular and intmeellular fluids), and
lipid mass. These structures possess vanable impedance ()
hased on composition (e.g., electrolvie gradients in intra- and
extmoellular fuids have low 2 while lipids lack appreciable
water content and are therefore poor conductors with high Z).

The Z of biological tissue is determined at the cellular and
molecular level. The primary mechanisms include ionic conduc-
tion of proteins and other organic macmmolecules, ionic & fu-
sion processes at the site of the cellular membmne, and changes
o cell membmne structure (213 Conceptually, the sum of these
components comprises a resistor-capacitor (RC) circuit. Single-
frequency BIA equipment functions by intmducing a fixed alter-
nating current betwesn two electrodes attached o the cadaver,
while concurmently measuring the voltage dmop and phase lag
within the same body segment using a second pair of electmdes
attached to the cadaver. The BIA equipment records the mea-
surements of the two components of £: resistance (F) and capac-
itive reactance (X.). R measurements can be  conceptually
understond as the opposition o electmon flow thmough intracellu-
lar and extmeellular electrolvie gradients when dimsct cuments
are used; measurements may therefore vary within and among
tissues due to the structure, composition, and volume of intra-
and extmeellular Muids, whemras X, is a measurement of capaci-
tive reactance afforded by the phospholipid hilaver of cell
membranes, the polanty of which results in the ability 10 hold a
charge when allernating currents are used.

Single-frequency BIA genemlly uses a 50 kHz frequency and
an alternating curnent with a fixed amplitude that is not measur-
ing total body water but rather the weighted sum of extmoelular
and intracellular oid msistivites (200 At 50 kHz, the penetra-
tion of the cell membrane is minimal (~25%), permitting estima-
tion of the body's lipid-free mass and total body water but does
ot assess differences between extracellular fluid and intracellu-
lar fluid & (200 In addition, wsing a 50 kKHz frequency  maxi-
mizes X of skeletal muscle tssue (e, 50 kHz is the mean
chamctenistic frequency of Cole-Cole models) 22).

The potential for forensic application of BIA is based on the
dielectric poperties of biological tissue. Changes to human
cadavers durng decomposition can be viewed as changes o the
configumtion of the RC circuit. Bioelectrical impedance quanti-
fies changes to the circwit, which may be correlated with ADD,
creating a powerful potential ool to estimate PMI. Decomposi-
tion includes many dynamic pmcesses occurning simultansonsly.
However, viewing processes independently in the context of R
and X facilitates an understanding of how the configuration of
the RC circuit changes. Some of these relationships are inferred
from the principles goveming electricity and the well-understood
phvsiochemical changes associated with decomposition. For
example, as autolvtic cellular destruction releases intrmce lular
fluid into the extracellular Muid a decrease in B is expected o
follow. R is also expected to decrease with a decrease in extra-
cellular ion concentration. Conversely, X, and the number of
intact cells have a positive mlationship. Cell membranes act as
capacitors  (Le., temporarily hold an electrical charge); post-
mortem cell autolysis decreases the volume of intact cell mem-
branes resulting in a decrease in X, These patterns should
comelate with the PMI.

Previous  research  demonstrated  predictable  postmontem
changes in £ in nonhuman proxies. Queddo (2324) repeatedly
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ohserved an inverse relationship between £ and PMI wsing rats.
A decrease in abdominal B attendant to increased PMI was also
observed (25). Based on the dielectric properties of biological
tissue and previous research in nonhuman vertebrates, this study
hypothesized that decomposition changes the configumtion of
the human cadaver's RC circuit in quantifiable wavs, which
emables estimation of PML BIA is a method for measuring those
changes in the RC circuit. The specific objective of this experi-
ment was o evaluste the relationship between BIA metncs and
PMI wsing the RC circuit between the hand and the foot. The
objective of this research was not to develop predictive equa-
tions, but simply o establish that there is a relationship between
£ and ADD. Additional research will be necessary to develop
predictive equations.

Materials and Methods
Research Facility

Colorado Mesa Univemity"s Forensic Investigation Research
Station (FIRS) is an enclosed outdoor research facility located
on the westem slope of Colorado at an elevation of 1457 m
AMSL. The envimnment is classified as mid-latitude steppe/
semi-arid cool in the Koppen—Geiger climate classification sys-
tem and nets approcimately 20025 cm of precipitation annually.
Human cadavers were used 1o study the tmjectory of taphonomic
change throughout the PML

Cadavers

Four human cadavers (A, B, C, and D) were obtained thmough
the FIRS donor program. All cadavers underwent FIRS standard
intake procedur:, including review of the submitted biodemogra-
phy and on-site pross assessment of perimortem height, weight,
medical intervention, pathology, and tmuma. Autopsied cadav-
ers, amputees, cadavers presenting traumatic or  pathological
tissue change, and those in a state of active decomposition wens
excluded from the sample. Variables such as age, sex, ancestry,
and  stature  were not considered  exclusionary  in sample
selection, as these varables am often unknown in practical
application.

BIA Equipment and Measurements

A Quantum IV Bicelectrical Impedance Analveer (RIL Svs-
tems; Clinton Township, MI) was wsed o0 measure & (£2) and X,
€2y, using 50 kHz and 400 pA. Electrical cuments were applied
to the cadaver using conductive gel pad electmdes (RIL svstems:
Clinton Township, MI) adhersd to the epidermis. To maintain
electrode attachment for the dumtion of the study, the edges of
the gel pads were gloed to the epidennis, sewn in place using
stitches on the comers (cadaver D only) and a duct tape cover
protected the attachment areas from the envimnment.

The impedance measurements were camied oot on each cada-
ver between the right hand and the right foot. The current soume
electrodes were positioned distally with one electrode attached to
the dorsal side of the thinl metscarpophalangeal joint and the
second electrode attached 1o the ventrl side of the third metatar-
sophalangeal  joint. The wvoltage-detecting  electrodes  wen
attached pmximal to the cument source electrodes (9 cm apart )
with one electrode attached to the dorsal side of the radiocarpal
joint and the second electmde attached o the ventml side of the
talocrural articulation. The cadavers were placed in a supine
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position at ground surface level within the outdoor facility with
direct exposure o the elements (e, clothing, shade, anificial
protection from elements were eliminated) for the duration of the
study. Measurements were collected at regular intervals; in addi-
tion o & and X, ambient and local cadaver surface temperature
were measured. One measumment per day was collected for
ench cadaver. Variahles with the potential to dismupt current con-
duction (e.g., waterfsnow pooled on cadaves following rain,
maggot activity in the area of electrode position) were noted and
considerad in analysis,

ADD

Hourly ambient temperatures wene measured using an Onset
HOBD mmote logging weather station situated  within  the
research facility (Onset; Bourne, MA). ADD was calculated by
summing the daily mean temperatunss (°C) for the stwdy perod,
using a hase temperature of (PC following Vass et al. (13) and
Megvesi et al. (14).

Statisticad Analysis

Z (1) was calculated from the B and X, measurements using
the equation £= (R + 7" and  standardized by stature
(height; cm), £y = Zfstature. Quadratic mgression was used o
determine the relationship between ADD and £ Each cadaver
was analyeed individvally o account for the effect of empera-
ture on £ The quadratic megression  model  was
Zu = fo + PrrADD + fr-ADD” + £ Statistical significance was
determined wsing a0 = 0L05. SigmaPlot version 13.0 (Syvstat Sofi-
ware, San Jose, CA) was used for data analysis and figure con-
slruction.

Resulis

Cadaver A was placed during eady fall and yielded B and X,
measurements for 17 dayvs postmortem for a maximum of 227
ADD. Cadaver B was placed during late winter and vielded
measurements of & and X, for 32 days postmontem for a maxi-
mum of 167 ADD. Cadaver C was placed during late winter and
vielded measurements of B and X, for 30 days postmortem for a
maximum of 151 ADD. Cadaver D was placed durng late sum-
mer and vielded measurements of B and X, for 10 days post-
momem for a maximum of 218 ADD.

All four cadavers showed a parabolic relationship betwesn Zyy
and ADD (Fig. 1) All four cadavers exhibited a statistically sig-
nificant relationship betwesn 2y and ADD based on quadmtic
regressions, each  with coefficients of determination =065
(Table 1).

Dhiscussion

This study hypothesized that cadaver decomposition would
change the configuration of the RC circoit in quantifiable ways
and that BIA could be vsed o measume these chanpes. This
hypothesis was supported by the statisticall v signi ficant quadmtic
relationships observed between ADD and £y for all four cadav-
ers evaluated The mlationship betwesn ADD and 2y was likely
due to the tming of the processes identified that influence the
electrical measurements of & and X, including postmortem
changes in: the extracellular fluid ion concentmtion (e.g.,
increases in potassivm concentmtion, tolal solute concentration,
and osmolality) (26), extracellular luid volume, and the decrease
in intact cellular membranes (affecting both potentials for capaci-
tive reactance and resulting in changes o physical dimensions of
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TABLE | —Coefficients for the quadratic regression equation Zg = B+ BrADD + BeADDY + & for each donor. Coefficient siandard emrors (SE) are in

jpearenihe e s
Cadaver P (SE) P (SE) P (SE) Degrees of freadom Famtistic Povalue Coefficient of determination (R
A 51451 (L7324 — (U706 (UD1A8) DL (U001 ) ER L 14331 <Ll 067
B 57973 (0L6986) —0.1142 (00166)  O.0D7 { QL0 ) 3,7 67906 <001 095
C 41960 (QL625T) —007T70 (00159 0.0 { QLN ) 3,5 27440 02 092
D 4.6621 (0. T08E) —00913 (00132) 00005 { QLN ) 1,9 127984 <001 098

tissue) The initial decrease in £y was likely doe o an increass
in the ion concentration and the increase in the volume of extra-
cellular fluid attendant o autolysis. The later stage increase in
Fy owas likely due o progressive desiccation of the tissues or
loss of the conductive fluids and the loss of capacitors (e, cell
membranes). Similady, Querido (25) found a significant relation-
ship betwesn PMI and £ in excised rat abdomens. Morse (27)
used fernale rats o demonstrate the sensitivity of X. for detect-
ing internal hemomhaging and blood ageregation. Mao et al.
applied bioelectric impedance spectroscopy o assess bruising
vitality and wound age in rat splesns (28.29), and pulmonary
markers for drowning in rabbits (300, Both studies found a nega-
tive comelation between PMI and £ in the respective tissue
e ums .

The time period that BIA measurements were possible ranged
from 10 to 32 days for the four cadavers. This variation was
likely due to the differences in season of placement and the vari-
ation in environmental conditions associated with each season,
and the superficial placement of the gel pad electrodes. Ambient
tempemture plays an important mle in the application of BLA.
This mle was evident when comparing the mlationship between
PMI and ADD. BIA measurements on cadavers A and D (late
summer and fall placement) lasted <20 dayvs PMI with <200
ADD. In comparison, BIA measurements on cadavers B and C
(late winter placement) lasted =30 days PMI with =200 ADD.
Within the cadaver, multiple variables have the potential o
affect the BIA measurement period including differnces in
proximate  body  composition  among  cadavers and  physio-
structuml differsnces (e.g., in vive (perimoriem) structural integ-
nty of comnective tissue, physical dimensions of cell and tissoe
structures and integrity of proximate adhemnce, osmolality, ion
content and concentration, hydmtion, lipid aggregation, and mie
and tming of tssuespecific and individual-specific autolysis).
The supedficial placement of gel pad electmdes msults in the
skin contributing to £ measurement. The pootective bamrier func-
tion of skin has the potential o reduce the length of time BIA
measurements were possible. The postdeposition environment at
FIRS is hot and arid, promoting rapid desiccation: this may
aocount for the time period over which measurements wene pos-
sihle as water loss in superficial dermal lavers occurs melatively
quickly due to low overall water content and more dimsct expo-
sure o the environment.

This study was the first step in developing BIA as a technigue
for estimating the PMI by showing a statistically significant nla-
tionship between £y and ADD. As this study was the first siep,
thers are limitations present that need o be addressed in subse-
quent rsearch including the parabolic relationship betwesn 2y
and ADD, and the effects of tempemture on BIA measurements.
The quadmtic regression models reported wer not intended for
application at this point. Subsequent msearch will inform the
development of statistical models for using BIA measurements
to estimate PMI. Potential avenues for future refinement of BLA
include the use of muliple predictors, such as a qualitative char-
acterization of the cadavers based on gross morphological

appearance o act a8 a linear predictor in addition o BIA mea-
surements. Allernate methods of ataching the electrodes may
extend the time of the BIA readings. Both these mefinements
could change the parabolic nature of the initial data presented
here and enable the development of a regression model from the
BIA data collected from cadavers with known PMI. The fully
developed model could then be applied to cadavers with
unknown PMI o estimate the PMI of the individual.

Conclusion

The initial work on cadavers in this study and other nonho-
man veriehrates demonstrate that BIA has the potential o be a
powerful ol for estimating PML Ultimately, this technique may
provide a more quantitative and less subjective appmach for pre-
dicting PMI in cadaves, particularly in the later siages of
decomposition. Further research is necessary 10 understand areas
for improving the technigue and for developing predictive
midels.
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Testing the Use of Pigs as Human Proxies in

Decomposition Studies*

ABSTRACT: Figs are 2 m i kgue in mphonomic sudy, yet data comparing the majeciory of decomposition hetwesn the two
ym[:.uh:l:ing.Thi::iﬂyc\m‘q.‘ndmﬁﬁmnhmdgmﬁnmchrguh]?piglllﬂﬂ?htmmru‘rnimﬂndhl}u]’umﬁc
Investigation Rexearch Smtion in westem Colorado hetween 2012 and 2015, Acumulsted degres days (ADT) wese used i assess the momber
of themmal it wgquied i each a given ol body scom (THS) (1) whidch was used = fhe measune of decomposition. ﬁcmrpmnfﬂnp
in linear mined effects model indicaied #hat decomposition rates ngmﬁ:lﬂydﬂﬂ:dbﬂbw:mhmmﬂdmmuﬂp:gmmm:lm-ﬁ.ﬁﬁz
p= 017, Meither the pig nor the human tojecory companed well i the THS model Thus, (i) pigs are not an adequates proxy for huoman
decomposition studies, and (i) in e semiarid envirnonment of westem Colorado, thew is 2 need to develop 2 regional decompesition model.

EEYWORDS: forensic science, aphonomy, decompesifion, anime]l models, human proxies

Interest in forensic taphonomy has increased steadily over the
last forty years, The intersction between human remains and e
postdeposition environment may alter or obscure features neces-
sary for effective analysis of pestmortem interval (FMI), tranma,
patelogy, and e biclogical profile, affecting the analytical
conclugons and the quality of infomistion gained. Facilities with
the capacity v study human remains incressed from one facility
in 1981 i seven facilities worldwide in 2017, Due o anstomical
and physiological similarities to humans, pigs (Sus scrofa) ae a
standard y for those endeavoring i sindy phonony out-
side of these facilities. Similarities between pigs and humans fre-
quendy cited as the bai for equivalence include: internal
anatonty, diet, endogenous microbiome, fai-to-muscle mio, ts
sue density, stoctere, density, and disvibution of body heir,
monagastric digedive system, and omnivorous diet (2). Duoe lar-
gely to cost and ability to amass large sample sizes, smaller and-
mals, such as rabbits, are also frequendy wsed (3). However,
aside from identifying general overlap in anstomy and physiclk
ogy, the efficacy of te use of pigs as human analogues remaing
largely uniesied.

The origin of pigs a human proxy can primarily be traced to
entomological studies where the uwse of animal proxies for the
comparison of nsect ancoession decomposition is
well tested. Rodriguer and Bass (4) compared available insect
succession  dats collected from canime cadsvers (5) to that
observed on human cadavers and found significant overlap. It
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appears that the majority of insect species (9967%) show no
peference between pigs or humans (6,7). However, caution is
warranied when wing entomolegical sudies to validate the use
of pig camion in decomposition sudies. While the entomaologist
and anthropologist both seek to undestand PML it is incorect
o assume that the disciplines are studying the same underlying
piysiclogical phenomenon. The entomologist & concerned with
insect development, progression, and sucossion guided by the
am of the decomposiion event {eg., the release of chemical
constituents that guide chemotaxis, modsire content and relaied
paiterns of ovipositon, and visual and mechanosensory cues that
govem insect movement). Conversely, the anthropologist is cm-
cemed with the sum of stages of gross morphological change,
which may comelate with various stages of decomposition (e.g.,
rate, chmonology, and presentation of tisuve dissolition under
various circumstances). Therefore, the hiological features that
nke pigs a visble research tool in entomology cannot be
mamed o ranske to taphonomic inve stigation.

Eary observational studies on decomposition used a varety
of spa:ien, including oows, seshirds, and sea mammals (B)
Payne (%) swdied dogs, cats, squirrels, rabbis, chickens, birds,
and pigs, concluding that relatively large animals of wniform sze
were hest for his studies {100, The mesule of these studies wene
rmely compatible and consistently resulted in opposing criteria
and saquences used to describe the wajectory of deonmposition.
Micozzi (10) suggesied that the ncompatbility was due i e
wide variety of animals used and the conditions under which e
dudies were carried out Stokes et al. (11) evalusted potential
proxies for use in soil decomposition smdies. A suie of physio-
chemical =0il characteristics was compared among and between
tissue types using small samples of skeletal muscle tissue from
humians, pork, beef, and lamb. Different species exhibited similar
pattems of change, but none of he proxies were an ideal predic-
o of human skeletal muscle tisue for s0il decomposition stud-
iex. Wang et al. {12} conducted a comparative analysis of imect
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specesson on human remains, pig carmon comprisng wo size
caegories, and rabbit carion. They conclude that body size and
decomposition raie share an inverse relationship, and insect spe-
cies diversity and complexity are mome complicated on larger
memains. Dipieran development rate was constient across all size
and species caegories, alhough a sbset of forensically significant
Calliphoridse species were unable o complee firg-generation
development on rabhit camion. Daumnis et al. {13) observed a
similar comelation between body size and wajeciory of decompo-
sition. Five each of pigs, humans, and rabbits were used o smdy
groas morpholegical changes and insect activity acmss a
S-maont inerval. The conclsion was that the patern of decom-
position differed between the three groups, and ey wene not
likely o be imerchangesble for decomposition reseanch. How-
ever, the continuing challenge in using human remains for
msearch smdy iz sample size. While these smdies presemt
infrigwing pagerns, thene is still a need for research conducted
within human samples, using larper sample sizes, and in differ-
ing environments Additonally, longitudina] siodies are war-
ramed in dry amss where desiccation ocours and bodies take
much longer than 5 monhs o skeleonize. The goal of this
mesearch was to further test whether, and to what degree, pigs
provide a useful proxy for human decompos tion.

Materiak and Methods

Observations wene made &t the Forensic Investigation
Research Swtion (FIRS), Colwado Mesa University, located on
the wesern sope of Colomadn. The FIRS performs ongoing
mesearch using human donors o sudy the rajectory of tapho-
nomic change. The FIRS is simaed & an elevation of 1457 m
AMSL. The environment iz classified oz mid-latimde steppes
semiarid cool in the Koppen—Geiger climate classification sysem
and nets approeimately 2025 cm of precipitation annually. Five
vears of on-sie data collection wields an average high of
3333%C with daily highs exceeding 41.1%C and an average low
aof —388%C, with daily lows exceeding —2527°C. The westem
slope iz a elatively sunny anea, receiving approximately 0% of
available sunshine. The FIRS is in the area of Utaline-Neiman-
Lazear association of soilk. These are welldmined loam soik
formed in materials weathemed from basalt and sandsione | 14).
The county =il map shows that e facility is in an area of Bill-
ings silty clay loam {14). The naiwral vegetation & primarly
fiour-winged salibush (Arrjpler canesens), rabbithmsh | Ericone-
rir mpsseosa), galleta (Plewraphis femesd), and Indian rice grass
{Achmarherum hymenoides).

This smdy compared the pagem of decomposition in 17 pig
camion and 22 human emains. Animal and mman remains wene
placed in e faciliy bemween September 2012 and December
A015. The pigs were sysematcally plced so that the fist 12
were placed one pig a month from September 2012 1o Augua
2013, The emaining five pigs were plced on the same day as
our second twough sixth homen bodies. The homan remains
were placed when they were received as part of FIRS donation
program, resulting in plicement during all four seasons. The
numbers of human remains placed each month were: January=3;
Febmary=3; March=2: May=2: luly=2: AupusE?; Sepember=2
October=2; November=2; December=2, Although a convenience
sample, he sample represents all seasons.

Howrly environmenial data were collected from an Onset
HOBD remote-logging  weather s@ion placed witin the
mesearch facility (Onset Bowme, MA). Accumulated degree days
(ADD) were used as an indice of PMI and calculated using a

base emperawre of (PC following Vass et al. (15) and Megyesi
et al. (1) Decomposition was soored at regular inervals follow-
ing Megyes et al's (1) ital body score (TES) system. The
ADD was calculated for each date that a THES seore was ool-
lacied, resulting in 267 ADD-TBS pairs for the human aibjecs
and 1100 ADD-TES pairs for te pig subjects

Euthanized pigs were delivered wo FIRS for placement within
less than four houws of death; the supplier ewthanized the pigs
with a gunshot wound to the head. Body sizes ranged beowveen
25 and 64 kg at the time of death, with a median of 35 kg, Boh
male and female pigs were included in this smdy. A single sup-
plier was used, and the pigs wemne fed similar dies, lived in a
similar environment, and weme in generally good health at the
time of ewthanization. Mone of the pigs were refrigeraied. The
initial TBS for all pig subjects was tuee.

The human sample was amassed under the auspices of the
FIRS human donaton peogram. Cause of death within the
human sample inclded pathogeneses summarily categorized as
“namral™ {e.g., heat atack), disgnosed chronombwology (eg.,
cancer, lupus), and trauma (blunt force following a fall). Because
the thoracoabdominal incision aitendant @ autopsy approximates
dramatic penetrating rauma, and the trajectory of decomposition
in awinpsied versus nonamopsied remains has not yet been
asessed ai FIRS, auiopsied remains were excluded from this
sindy. Intragroup maie and patem of decomposition wene alko
considered. Placement of human remains vared from the day of
death with no mefrigestion prior o plcement o 53 days post-
manem with refrigeration in the interim. If date of death was
unknown, donors presenting a TES =7 (fresh o early decompo-
siion on the Megyes scale) were excluded from this siudy. Pig
and homan remains were phographed and scored st regular
inervals consisent with FIRS TBS proncok | 16). Under the
data collection protecol, each body was soored daily until 2 TES
of 24 was reached. To allow for visible changes o aceme (e,
soofe-ahle changes), ren@ins with TBS =24 were scored weekly
for humans and montly fior pigs. This prodscol was adhered o
as weather and saffing allowed. All personnel performing data
collection wene traimed and tested in FIRS data eollection pooto-
ool prior i enerng de facility, and all waining scores were
assessed blindly by two ful-time staff members to ensure that
data quality and accuracy were maintaimed, and inter-observer
error was minimal. Individual remains were not caged a5 scav-
enging was infrequent and lmited to small areas of sofi tissue
loss

The decomposition raes of the pigs and humans were com-
pared using two metods, For the fisst comparison, fe mean,
madian, and coefficient of varation of ADD were calculated fior
each TES point and visually assessed (Table 1, Figs 1-3) Addi-
tionally, a linear mized mode]l (LMM) wsing maxinmm lkeli-
hood estimates was wed o deemine if decomposition rate
varied between the human and pig groups The use of LAM
was advantagems o account for unhalanced design and repeated
megurements on single remains, which has the potential o
highlight both iner- and inra-sample vardation. In the LMW, the
dependent varishle was TBS (TBS® wransformation). The inde-
pendent fined variables wene ADD {Logy, (ADD+ 1) ransforma-
tion), an indicator variahle for human (indicawr = 1) or pig
{indicator = 1) remains, and an interaction em | Log, o ADD+1)
% Indicator). The rmandom effecs for both intercepts and slopes
weme ADD and the individual femains. The inersction term was
wsad o ea for a statisical difference bemween slopes. The p-
value for dhe interaction was deiemined by a likelihood iest
comparing e models with and withouwt the interaction term.
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TABLE 1-The mean and cosfidew of variaton of ADD ar each TRS poimr
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FAG. 1—Pig and human ADD mean for each TRE swore compared o dhe
eximaed ADD from the TRS modd (1) ADD, accweslaed degree days;

TRS, swal body seare.

The analysis was conducted in Program B (version 3.4.0) using
the Imed package (17, 18]

Hesults

Visual asmessment of te TES means and coefficients of varia-
tion in pigs and humans againg the model (Fig. 1) made it
apparent that the data from FIRS wemr no longer represented by
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FAG. 2—Pip and huwman mafian ADD for each TRS ware. ADD, arcum.
Lawed degree days; TBS, romal body score.
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FAG. 3—Pig and human ADD corfficen of variagon jor mch TRS saone.
ADD, accwmdawd degroe days; TRS, sval body score.

the model afier a TBS of 18, The human and pig mean ADD
and median ADD for each TBS point also differed with humans
mequiring a greater ADD o reach a specific TBS untl about a
TBS of about 27, and then, the pigs required a greaster ADD o
meach a specific TBS (Fig. 2, Table 1) A visual assesament of
e coefficient of varation suggess that inidally the human sam-
e varies more tan the pig in the number of ADD required 1o
meach a specific THS, afier a TES of approximaely 15, when
e pig sample generally has a grester varation (Fig. 3,
Tablke 1).

The LMM indicaied thai decompoeition rates significandy dif-
fered bemween human donrs and pig remains bassd on a oompar-
ison of slopes of the ineraction coefficient ¥y = 5.662,
p= 0017 (Fig. 4). The LMM maodel wsed 2626 observaions for
e 22 humans and 1101 observations for due 17 pigs. The LMM
fiw the fized effecs with fandard emoms in paentheses was

TBS® = 351.99(49.55) + 304.66(21.57) - Log, ;[ ADD+1)
£ 171.25(66./05) - Indicator — 85.88(28.80)
- Ling o[ ADD+1 ) - Indlic ator
marginal B = 0.67 {fixed effecs) and conditimal B = 0,90
{both fixed and random effects).
Discussion

In approximaiely &0% of the pig specimens, the inestines rup-
mred thmugh the abdomen during the blost phase (Fig. 5)
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Flz. &—Companisom of decomposivion rass beowarn huwans and pigs
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FIG. 5—Jwsesmimal rupmre in pig.

abdominal mupiere did wot oocer in any of the heman specimens.
While hunsns and pigs presemt mawnmical, pleysiological, and
genetc overlap, fundamental differences between e two species
exist While both humans and pigs are monogagric, key differ-
ences in the srucnwe and function of the gagrodiniestinal tract
{GIT) may affect tee rsie, iming, and trajeciory of deoomposi-
tion. On average, the human inesine (large and small) is 7.5 m
in length, as opposad © 23 m in de pig. The pig small inedine
funher presenis differences in sepment length and branching of
mesenteric vessels and agendant ansstomoses (which facilitate
cellular communication with surmounding tsswes). In the human
GIT, ikeal Peyer's paches {(PF) are an ageregaie of lymphaoid
misdules that facilitate an immune response within the mueosa
by moniioring intestingl baciera and inhibiting growih and
spread of pathogenic strains. Conversely, the ileal PP in pigs &
continumes, which not only constilves a stuctral difference,
but also imples major differences in typical hacterisl load,
potential expocune to pathogenic bactera, and emteric colonizs-
tion. A pyloric diverticulim—a site for microbial metabaolism of
ingest—i present in pigs but absemt in typical human anatonmy
{191 Finally, te cecum, ascending and wansverse colon, and the
proximal pomicn of the descending colon are oriened in a series
of cenmifugal and centripeial coils to accommaodate kength and
orientation associated with gquadmpedalism, which differ from
the folded and “'sacked™ smcime of te human inestines,

The sum of these many subtle differemces may contribuie dra-
matically i gross differences in decomposition, such as the
ahddominal mipure observed in fis sample. In more basic terms,
while this phenomenon & bkely multfactoral a significanthy
lomger GIT sumnmardly comstinges larger cobic volume of lumina
within which decompositional gases have the poental o agore-
pate, reaulting in greater potential for eneplive response.

Overall similarity in TBS scones in pigs and humans in early
decompositon may be an anifact of the overfiding of data wo the
sooring sydem; dats collecton mecessitsies thai a score be
appliad 20 te “best choice™ category megardless of overall ech-
nical accuracy. Only s calegories in the headfmeck and five in
the trunk and limbs deseribe early decomposition. Limied soor-
ing options may meduce or eliminaie the realotion necessary D
highlight divergence in gross change. Keogh et al (20) wed the
Megyesi et al {1) TBS to define due typical rajeciory of human
decompositon and compared this o observations made within a
sample of 20 pig camion. The authors concluded that the gros
changes observed between the two groups were aufficlently dif-
ferent to wamant & separaie sconing sysem for pig camon. How-
ever, TBS comparion was limited o pigs and did not include
humans in the sample envirnonment 2o the differences ohserved
may be a combination of secies and environment

Total bady seore values for both species platesied benween
2] and 24 for an exended period of ADD. The humans pla-
teaned in moist decomposition for a longer pericd of ADD. The
pigs weme aclinically healthy weight, while over half te human
sample was overweight or obese. Body fa does impact decpm-
position, hinderng dissipaton of heat and providing liguid for
baceral growh and insect ovipesition. With regad 1w the
human sample, the pesence of diabetes mellies acceleraies
decompositon (21); as a strong comelation with obesity and with
an estimated seven million undiagmosed cases per amum (hip: /Y
www. i abetes. orgddiabeies- basicshtatistics! (accessed September
A0, 01T, the wreponed presence of the disease shoold be
considered in research and in medicolegal mvesigation. The
cause of desth in the human sample included chronopathalsgy
{eancer and lupus) and traumatic injury. Anemonem infection,
wounds, and chronopathology may accelerate pomefaction by
inducing hypenhemia secondary o pahogenesis | including er-
tiary infection such as sepsis), of as de el of medication
{211 Womds also provide additional places for insect oviposi-
tion. The plateau observed among both human and pig samples
iz likely due 1o emvironmental factors &t the FIRS. In FIRS' arid
climaie, remains iend o desiccaie, rather than kelionize. Der-
mal tiszee and underlying viscera are hypgrosoopic in nabee and
therefore may be expecied o mact similardy o environmenial
conditions. Visceral reention following desiceation was noted in
several human eadavers at FIRS. These phenomena have nod
been observed in pigs and may be the resull of Wsceral empiion
or another generalized patem of decomposition.

Compared to the human sample, the pigs were a mone superfi-
cially homogenous sample st the stan of the project: control over
variables such as weight, cause of death, reponed pathology, and
immediacy of placementi witin the facility redweed intragrowp
variation. Such a homogenous sample may allow eseanchers o
comtrol variables and identfy trends in decomposition, but iden-
tified trends need o be validated wighin human samples before
their efficacy can be accursiely reporied and exmreme cantion &
warranted when attemptng o validse a smdy conduced on
humans within a pig sample. The wse of pigs in research has the
potential to complicate judicial procsedings where researchers
are asked v estify on the condidon of human emains based on
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their knowledge of pig decompositon, or where established
methaods ane callad into question under e Daubent Stndand fol
lowing publication of research conducted within pig samples.

The human remains were a mome variable group, bot a8 more
realigic sample of forensic cases, Because forensic cases ofien
involve unknown circumaance, the variaton among the human
sample was in fact reflective of fe varation that any useful
decomposition measure must enosmpess o provide an estimaie
of the PMI. In this sense, disceming pattems among homoge-
noals proxy populatons may provide a fake sense that the same
conclusions are applicable to a much less homogenouws popula-
tipn. Forensic disciplines are still agempting to understand how
the ineraction of complex varables affecs human decomposi-
tion—a conservative appioach is critical when drawing direct
comelations between humans and proxies

The initial samples of pigs appear more homogenoe and
humans more varied, but e pigs tend to have a grester ooeffi-
cient of vanation (Table 1, Figs 3, 4), paticulardly afier a TBS
of 25. This may pardy be due to the fact tat the TES model
was creaied for humans and does not work s well with pigs
{20). Furfermaore, while a pig sample may present as “healdy™
and homogeneous in gross examination, animals reamed for con-
sumption ame not subject o egular health assessment and
should not be ssumed i be homogeneously “healty™ at e
time of death. Patwlogical ainmlants identified in research
include  immunocompromise  following  paychosocial  stress,
including decreased antibody response to antigenic challenge
relative to siock density (22) and increases in wiral-bacierial
load, mch az Salmonella following exacedbated nore pinephrine
excretion which Beason and Bearson (13) demonstrated may
directly impact growth amd vimlence of Falmonella, including
the upregulation of genes resulting in enhanced motlity. Dis
ease amociaed wit commencial rearing, captivity, and confine-
ment is sufficient to mesult in research dedicated to locating
ever emerging biomartkers for pig disease in an effort o ourb
economic loss (24). The exercise here was not o provide a
compre hensive crss section of pig patwlogy, but o demon-
strabe that gross examination and meeting varables dictated by
sample requirements are not a sufficient means for determining
“health™ in a biokgically diverse species which has demon-
atrated  strong imnunecensitvity to the antemonem  envimon-
ment. The sum of e anatomical, physiolsgical, and
patological differences presented may be manifes in unex-
pected ways af any time throughout the decomposition event.
As researchers gmggle to underaand the diverse complexity of
human decomposition, i is specious i sugeest that te inter-
section of captivity, dynamic zoonotc disease processes, death,
and decomposition may be overlooked and a distinct and
diverse species defined a: homogenous @ mest  analytical
neads,

Finally, the TBS model used by many decomposition studies
does mot work well with pigs and, for e data presented, it nei-
ther pig nor human data in labe-gage decomposition. This was
likely due & the desiccation seen in FIRS' semi-and envimon-
ment and highlights the need for region-specific validation of
midels used 1o estimate postmoriem interval

Conclusion

When compared wsing the THES model, the trajeciory of
decomposition  observed between human and  pig  samples
diverged in rae and gross presentation. Additionally, te TES
scoring model did not perform well in the ard environment

COMMNOR ET AL - PISS AS PROXIES &

at the FIRS. Regimal decomposiion paems may medquine
megional sooring  models  Nonhuman proxies do povide a
ayperficially homogenous sample allowing isolaton of individ-
wl variables and have the poential o indicste wends in
wphonomy. Human samples tend i be more vanable, pamicu-
larly in body composiion and cause of death, both of which
affect the patem of decomposiion. Pigs may be meful in
audying general trends. However, they ae noi a substive for
human sbjects, and cantion is wamaned when atempting to
apply dat derived from pigs to human subjects, especially in
medioolegal investigation. Abowe all meliance on a relatively
homogenous roxy sample may make researchers ovenconfi-
dent in their ahiliiy to predict $e tming and pagerns of
deonm poEtion.
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	Executive Summary 
	 
	This project focused on addressing the estimation of postmortem interval (PMI) in an arid environment where bodies regularly desiccate. The co-principal investigators proposed two methods to achieve this: (1) a qualitative method which scores gross change by assigning a standardized total body desiccation score (TBDS), and (2) a quantitative method through bioelectrical impedance analysis (BIA).  
	The TBDS scale, as designed, better describes the changes observed between desiccation and skeletonization, giving a vocabulary and description of change to what is often described as a period of stasis. In addition to the descriptive aspect, it does predict ADD (PMI indice) better in desiccated remains than the TBS scale. In the course of this, a visual dictionary was created which shows photographs of the terms used in decomposition research. This can be used to help to create a standardized vocabulary an
	Bioelectrical impedance analysis continues to show promise as a technique for estimating the PMI. Further research is necessary to understand the sources and mechanisms of variation in the statistical models and the techniques. The incorporation of multiple PMI estimation methods into a single model shows some of the greatest promise for reducing error in PMI estimates. 
	Desiccation presents differently among climatic areas of the globe. The next step in the research is to examine remains outside of FIRS to see if this desiccation vocabulary is applicable to other areas of desiccation, and whether the predictive capabilities hold. 
	The result of this project are two significantly improved techniques for estimating PMI in desiccated remains, one of which (BIA) had never previously been developed for use on human remains. In the course of this research, the underlying mechanisms of the skeletonization of desiccated remains are much better understood than before this project, as is the variation caused by factors other than the PMI.
	1.0 Statement of the Problem 
	 
	Estimation of the postmortem interval (PMI) is a complex aspect of medicolegal death investigation. Probative problems are compounded by divergence from the expected trajectory of decomposition, such as seen with bodies that desiccate rather than skeletonize. The primary focus of research has been on the active decay phase, a product of autolysis, putrefaction, and insect activity, which are expected to be regionally homogeneous and linear in trajectory. In many environments, these processes lead to skeleto
	 
	Current methods to estimate PMI beyond the first few days include insect succession and progression, patterns of gross tissue change based on observer experience, and the total body score (TBS); experimental methods include the succession and progression of microbiological communities. Insects and observer experience are probably the most commonly used methods within the medicolegal community. However, observer experience is subjective and may lack the probative robusticity necessary for judicial process. C
	 
	In arid environments, desiccation may be sufficient to result in retention of the dermis and soft tissue structures such as viscera, facial features, hematoma, scars, and tattoos. Collectively, retention of these features appears to constitute stasis in the decomposition process. Yet, though slow, change does occur in desiccated tissue, necessitating the development of analytical models with the resolution necessary to detect subtle patterns of change. The assessment of complex biological processes necessit
	 
	a. The Total Body Desiccation Score (TBDS): The first step was to accurately describe the sequence of gross morphological change that occurs as the body desiccates. While not typically considered “active decay,” significant changes present as the body stabilizes in late 
	stage desiccation. Eventually, most desiccated remains exposed to a dynamic outdoor environment do skeletonize. These changes should be able to be integrated into a body scoring system, such as that initiated by Megyesi and others (2005), in a total body desiccation score (TBDS), providing an ordinal-level of measurement. 
	 
	At the initiation of the study, all human bodies in the FIRS outdoor facility followed the same general pattern of desiccation. Detailed observations and photographs were taken, and all were scored using the original TBS score. Under that system, a fresh body scores 3, a fully skeletonized body consisting of dry bone scores 35. Using that system, 19 bodies placed at FIRS prior to the study period retained scores of 24 (mummified tissue covering more than one half of the body in any of the three scoring area
	 
	b. Bioelectrical Impedance Analysis (BIA): Since desiccation is the removal of water from the tissue, the goal was to identify a quantitative method to measure changes in extracellular fluid across the postmortem interval. Bioelectrical impedance analysis uses an alternating current at a fixed frequency to measure electrical resistance and reactance within a biological tissue circuit. Resistance measurements are based on the composition of electrolyte gradients within the extracellular fluid, while reactanc
	 
	The authors hypothesized that the postmortem interval of human cadavers can be estimated due to quantifiable changes that occur during decomposition due to changes in cellular and tissue composition during autolysis and desiccation. The main goal was to provide improved measures of desiccation. One objective would be through an ordinal, Likert scale called a total body desiccated score. The second measure would be a ratio-level measure of the electrical changes in the tissue. Finally both these measures wou
	 
	2.0 Project Design and Implementation 
	 
	Purpose, Goals, and Objectives 
	 
	The purpose of this project is to develop techniques to better estimate the PMI of desiccated human remains using collated qualitative and quantitative methodology. 
	 
	Goal 1: Describe the gross morphological changes of advanced decay when desiccation progresses to skeletonization in a manner to integrate with the total body score. 
	Standard methods of estimating the postmortem interval emphasize the path to skeletonization and deemphasize the delay that desiccation may cause. Instead, an emphasis is placed on what is considered active decay, when gross tissue changes are occurring quickly. However, slowly, there are significant changes in desiccated tissue from the drying of the fingers noted early in decomposition, to the thin tissue layer overlaying bone that precedes skeletonization in desiccated remains. Changes in color, the appe
	 
	Goal 2: Develop and evaluate the use of bioelectrical impedance analysis as a method for quantifying postmortem interval 
	Bioelectrical impedance analysis uses electrical currents to measure resistance and reactance. Resistance measurements are based on the composition of the extracellular fluid, while reactance measures the capacitance of the cell membranes. Impedance and other bioelectrical metrics were derived from the measurements of resistance and reactance. Based on the bioelectrical properties of tissue, postmortem changes in cellular structure and the composition of the extracellular fluid can be measured using bioelec
	 
	Review of Relevant Literature 
	 
	The decomposition sequence is used as a gross, relative method of establishing PMI. The decomposition sequence as generally described is a continuum divided into four or five stages grading from fresh remains to skeletonization (e.g., Payne 1965, Reed 1958, Rodriguez and Bass 1983, Micozzi 1991; Perper 1993; Gill-King 1997; Love and Marks 2003). Desiccation of remains is discussed as a natural method of preserving tissues under conditions of high temperatures, low humidity, and good ventilation. 
	 
	Studies in arid areas reveal a more complex process where desiccation slows or delays decomposition, but rarely stops decomposition altogether (Parks 2011, Galloway et al. 1989; Galloway 1997). In remains where desiccation is a dominant process, decomposition may exhibit 
	a different pattern that includes the mummification of the superficial aspect of remains with moist decomposition ongoing below the desiccated tissue (Parks 2011, Galloway et al. 1989). Bass (1997) points out maggots avoid direct sunlight and will use the skin as “an umbrella to protect them from the sunlight” (p.187). Drying of exposed tissue tends to alter insect utilization of cadavers and frequently disrupts the serial succession that would be otherwise expected (Hall and Doisy 1993; Archer and Elgar 20
	 
	Desiccated tissue certainly has the potential to last millennia, as any number of archaeological examples show. In the general region of the study area (western Colorado), prehistoric mummies are rare, but they exist (Watson 1961, McCracken et al. 1978). A mummy from Mesa Verde is associated with Basketmaker material, making it over 1300 years old. The mummy, for which Mummy Cave in Wyoming is named, was wrapped in a mountain sheepskin garment radiocarbon dated to 1,230 +/- 110 years. The majority of archae
	 
	The last decade has seen substantial advances in forensic taphonomy, particularly in attempts to quantify the postmortem interval (Megyesi et al. 2005; Simmons et al. 2010; Vass 2011). Desiccation is acknowledged in these schemes to varying degrees based generally on whether the author’s data set includes desiccated specimens. Megyesi and others (2005) include the drying of eyes, ears, nose and mouth as part of their “early decomposition” stage, and “mummification with bone exposure less than one half the a
	 
	The total body score proposed by Megyesi and others (2005) has proven a robust (Dabbs et al. 2016) and flexible tool. The use of body scores have been specialized for a variety of situations such as charred remains (Gruenthal et al 2012) and submerged bodies (Widya et al 2012). The advantage of using specialized body scores is that descriptive data, such as that in Galloway and others (1989), is used in a more quantifiable form (i.e., ordinal-level scale) which can be statistically manipulated. By using ord
	 
	Decomposition processes vary with climatic conditions as shown by research at multiple forensic research stations. For example, at the Anthropological Research Facility in Tennessee, Vass and others (1999) suggested that remains were mainly skeletal by 1287 ADD. This decomposition pattern is clearly not consistently the case in arid areas. Galloway and others (1989) suggested that in an arid area, the high temperatures and low humidity alter the reported sequences and timing of decomposition. However, they 
	environment. The series of research projects completed use pigs as a surrogate for human remains (Barnes 2000, Parsons 2009, Wagster 2007, White 2013), and is also finding that desiccation occurs regularly. At the Montana site, three pigs used in research mummified within the first 10 days. The first two pigs had mummified shells in 7 and 10 days with insect activity under the shell for a few weeks thereafter (White 2013). 
	 
	Closer to the study area, Connor and France (2013) examined forensic cases analyzed by anthropologist Diane France in the vicinity of the study region. They ranged from frozen, to adipocere, to mummified, to skeletonized – in a total of eight cases. The data were too few and too variable to form a pattern, but they do provide data points. One of the more interesting cases is a case from Weld County, Colorado where the remains experienced approximately 1284 ADD, and was mummified on the exposed side, but sho
	 
	From the available data the authors were able to infer: (1) fully skeletonized remains are rare in western Colorado and other areas in the western United States and skeletonization may take long past 1280 ADD; (2) a slowing of decomposition is seen with dehydrated tissue on the top portion of the body, with active, moist decomposition occurring under this harder shell – a pattern also noted by Galloway and others (1989) and Parks (2011); and (3) clothing does play a role in differential decomposition. 
	 
	These desiccation and skeletonization patterns prompted the investigation of BIA as a potential method for quantifying PMI. BIA has traditionally been used to quantify the proximate body composition (water, lipid, and lean masses) in living organisms (Van Marken Licthenbelt 2001). BIA uses four electrodes to introduce the electrical current and to measure electrical resistance and reactance. Resistance measurements are based on the composition of the extracellular fluid, while reactance measures the capacit
	  
	Research Design and Methods 
	 
	The Study Location 
	 
	This research was performed at the Forensic Investigation Research Station (FIRS) located on the Whitewater Campus of Colorado Mesa University. FIRS is in Mesa County, Colorado. Altitude within the county ranges from about 4,300 feet along the Colorado River to 11,234 ft at Leon Peak on Grand Mesa north of the facility. In the desert area of the county – where the facility is – annual precipitation ranges from 8 to 10 inches. Summers are hot, winters are moderate and the frost-free season ranges from 100 to
	 
	FIRS includes a 2700 sq. ft. building with a classroom, a processing laboratory, a morgue cooler, and a skeletal collection storage room. The FIRS facility also includes one acre of fenced land. At 4780’ AMSL it is the highest decomposition research facility currently using human remains, the next closest being the facility in Western Carolina University at approximately 2200’ AMSL. With an average annual precipitation of less than nine inches, it is also the driest facility, with the next driest being the 
	 
	A HOBO weather station, located inside the fence in the outdoor facility records temperature, humidity, rainfall, wind speed and direction, and solar radiation on an hourly basis. Standard data collection on all human remains includes regular photographs and TBS assessment. 
	 
	Methods 
	Total Body Desiccation Score (TBDS). The study consisted of three stages: (1) a long-term observation of 40 human bodies used to develop a scoring system much of which occurred prior to the current grant; (2) scoring of 17 bodies by one individual to assess whether the observations correlate with the postmortem interval; and (3) scoring multiple bodies diachronically and synchronically to test the correlation with the post-mortem interval. 
	Stage 1: Long-term observation of 40 human bodies was used to develop a pilot model for scoring the trajectory of desiccation. Categories included color, bloat, moisture, desiccation, and 
	skeletonization. Subcategories were identified to describe both intragroup variation, and the progression of decompositional change. Subcategories were weighted with a score that increased in value as decomposition progressed, resulting in a maximum combined score (TBDS) of 100. Categorical change was compiled into a standard scoring matrix. The scores were applied to body regions following Megyesi et al (2005), defined as: (1) head/neck; (2) thorax; (3) arms; and (4) legs. The arms and legs were separated 
	 
	Stage 2: Photographic packets were compiled to test the new model. In order to represent a range of seasons and postmortem intervals, a sequential data pool of 40 donors was sampled and every fifth donor was selected (n=8). Each donor was represented by monthly data points commencing on the date of deposition and ending either at the time of recovery, or at the terminus of the study (May 2016). Randomly generated numbers replaced body numbers and dates. This method produced a study cohort composed of 17 don
	 
	Stage 3: The modified scoring matrix was introduced to daily data collection at the end of 2017. Daily data collection protocols and a photographic index were established to ensure continuity in daily data collection. All donors placed proceeding the initiation of data collection were scored daily, resulting in the diachronic scoring of 12 donors at the terminus of the study period. Additionally, a broader study cohort composed of donors presenting advanced decomposition and desiccation were scored periodic
	 
	Bioelectrical Impedance Analysis (BIA). Over the course of the study multiple electrode types (i.e., gel pads and needles), electrode distances (i.e., variable distance and fixed distance electrodes), body segments (i.e., landmark and segmental BIA), and measurement intervals (i.e., daily and weekly) were evaluated to refine and improve the use of BIA for estimating PMI. All methods used 50 KHz 400 µA, tetrapolar BIA with distal current source electrodes and proximal current detecting electrodes. Two electr
	electrodes. The following combinations of electrode type, distance, body segment, and measurement interval were used in the study. 
	 
	 Variable-distance, gel pad electrodes: Gel pad electrodes using anatomical landmarks to isolate body segments were positioned on one side of the body. Paired current-detector electrodes were positioned 10 cm apart at the hand and foot. Resistance, reactance, and body temperature were measured daily, given adequate staffing and weather conditions. 
	 Variable-distance, gel pad electrodes: Gel pad electrodes using anatomical landmarks to isolate body segments were positioned on one side of the body. Paired current-detector electrodes were positioned 10 cm apart at the hand and foot. Resistance, reactance, and body temperature were measured daily, given adequate staffing and weather conditions. 
	 Variable-distance, gel pad electrodes: Gel pad electrodes using anatomical landmarks to isolate body segments were positioned on one side of the body. Paired current-detector electrodes were positioned 10 cm apart at the hand and foot. Resistance, reactance, and body temperature were measured daily, given adequate staffing and weather conditions. 

	 Variable-distance, unilateral needle electrodes: Needle electrodes using anatomical landmarks to isolate body segments (Table 3.2) were positioned on one side of the body. Paired current-detector electrodes were positioned 10 cm apart at the hand, shoulder, hip, and foot. Resistance, reactance, and body temperature were measured daily, given adequate staffing and weather conditions. 
	 Variable-distance, unilateral needle electrodes: Needle electrodes using anatomical landmarks to isolate body segments (Table 3.2) were positioned on one side of the body. Paired current-detector electrodes were positioned 10 cm apart at the hand, shoulder, hip, and foot. Resistance, reactance, and body temperature were measured daily, given adequate staffing and weather conditions. 

	 Variable-distance, bilateral needle electrodes: Needle electrodes positioned on both hands and feet to isolate body segments (Table 3.3). Resistance, reactance, and body temperature were measured daily, given adequate staffing and weather conditions. 
	 Variable-distance, bilateral needle electrodes: Needle electrodes positioned on both hands and feet to isolate body segments (Table 3.3). Resistance, reactance, and body temperature were measured daily, given adequate staffing and weather conditions. 

	 Fixed-distance: Needle electrodes positioned at the mid-humerus and mid-femur, bilaterally. Resistance, reactance, and body temperature were measured daily, given adequate staffing and weather conditions. 
	 Fixed-distance: Needle electrodes positioned at the mid-humerus and mid-femur, bilaterally. Resistance, reactance, and body temperature were measured daily, given adequate staffing and weather conditions. 


	 
	To estimate the PMI (i.e., ADD) a linear mixed effects modeling approach was used with the lme4 package (Bates et al. 2015) in Program R (R Core Team 2017). Linear mixed effects models were used due to the lack of independence among measurements within each body, an unbalanced design, and the ability of the model to account for variation among individual bodies that could not be characterized during model application (e.g., proximate body composition). In the reported models ADD (transformation log10 ADD+1)
	 
	Preliminary analysis indicates that donor temperature affects resistance and reactance measurements. Originally donor temperature was included in the regression models, but this approach was problematic since a temperature-based metric was used as the indice of PMI. To develop temperature correction equations for R and X, a pork roast was cooled and allowed to warm while R, X, and temperature were measured. The cooling-warming sequence was repeated at multiple stages of decomposition. Four modeling approach
	3.0 Results 
	Total Body Desiccation Score 
	Stage 1. In the observation phase, many of the early-stage changes noted by Megyesi et al (2005) were similar in the study cohort and were maintained in the scoring matrix. However, there were prominent differences in the color category. The majority of the observed differences were in the advanced stages of decomposition and subcategories were added to reflect these differences. Additionally, categories were established to reflect region specific changes in moisture and desiccation, creating a more finely 
	 
	The primary categories of change were defined as: color, bloat, moisture, desiccation, and skeletonization. Subcategories were assigned as follows: 
	 
	Color: natural, marbling, gray/green, black/ orange, brown/orange, and parchment (Figure 3.1). Color change is not homogeneous across the decomposition event; a donor may present all defined iterations of color change, or a variable subset within. These subcategories captured prominent points within the continuum observed among the majority of remains.  
	 
	Bloat: none/fresh, slight, full bloat, and post bloat. Pre-bloat and post-bloat could usually be differentiated by the caving of tissues found in the post-bloat specimens. 
	 
	Moisture: none, purge, soil surrounding remains wet, the remains “sweating” or “glistening”, and by dry remains (Figure 3.2).  
	 
	Desiccation: none, drying of edges (fingers, toes, ears, etc.). Three categories then seemed to overlap in the middle of the sequence were identified and defined as skin that presented as rawhide, skin that was crenulated, and skin presenting a rough surface termed “pebbled mosaic” (Figure 3.3). The “pebbled mosaic” appears to be a sloughing of the external epidermis where islands of raised tissue remain between the sloughed areas. The final stage in desiccation before skeletonization was a stage called “pa
	 
	Skeletonization in Megyesi et al (2005) was broken into categories based on whether the body area score was over or under 50%. This proved too broad a category for a geographical area where it could take a year before any bone was exposed. For this project, it was changed was to four categories: (1) 0 bone exposed; (2) 1-25%, (3) 25-50%, (4) 50-75%, and (5) 75-100% of the body area exposed. This resulted in finer grained information, but a score that could still be estimated in the field (Figure 3.4) 
	 
	Qualitative filters: changes that either had not happened, were in the process of happening, or had occurred. One was defined for each body segment scored. They were: (1) the exposure of the maxillary dentition, (2) the visible definition of the patella, (3) the visible definition of the ribs and pelvic girdle, creating an “O” shape in the abdomen, and (4) the visible definition of the humoral head (Figure 3.5). 
	 
	As these observations were being collated, a visual dictionary was created, which shows pictures for each term used in the scoring system as well as a number of terms used in decomposition research (adipocere, marbling, purging, skin slippage) (Connor and Garcia 2018). The junior author went through the pictures from the FIRS data collection and selected examples of early stage, normal and extreme versions of each condition, where appropriate. This is in draft as the senior author is still in the process of
	 
	Stage 2 
	The five categories: color, bloat moisture, desiccation, and skeletonization were each correlated against ADD and then added together in a total body desiccation score (TBDS) and correlated with ADD (Figure 4). Of the individual categories, bloat correlated the worst with ADD (). Color and moisture had stronger correlations at higher ADD categories. The desiccation category, as defined, initially shows a solid correlation with ADD, but spreads out in the later stages (Figure 3.6). 
	 
	When the same sample was compared for TBS and TBDS, both showed the same correlation (r2=0.87), and the TBDS had a higher standard error (TBS se=.298; TBDS se=.417). However, when the later stages of decomposition were examined (TBS>20 and TBDS>50), the TBDS had a slightly higher correlation (TBS r2=.504 and TBDS r2=.600) and a lower standard error (TBS se=.253; TBDS se=.163), suggesting that the TBDS does provide a higher resolution for the later stages of decomposition. 
	 
	Stage 3 
	On May 29, 2018 41 bodies that were in the outside facility at FIRS were scored using a single observer for both TBS and TBDS. The correlation co-efficient between the decomposition scales and ADD were: 
	 
	r (TBDS, ADD) = 0.79 
	r (TBS, ADD) = 0.68 
	 
	The ADD ranged from 590 to slightly over 21,000, but this was generally a late-stage. 
	 
	The TBDS scale does predict ADD better in desiccated remains than the TBS scale. The TBDS systems performs as designed and better describes the changes seen between desiccation and skeletonization, giving a vocabulary and description of change to what is often described as a period of stasis. 
	However, desiccation presents differently among climatic areas of the globe. The next step in the research is to examine remains outside of FIRS to see if this vocabulary is applicable to other areas of desiccation, and whether the predictive capabilities hold. 
	 
	Bioelectrical Impedance Analysis (BIA) 
	The length of time (ADD) BIA measurements were possible varied among the four BIA measurement approaches (Tables 3.1-3.4). The measurement methods in order from shortest to longest measurement period were variable-distance gel pad electrodes positioned at the hand-foot position, variable-distance needle electrodes positioned at anatomical landmarks, variable-distance needle electrodes using segmental techniques, and fixed-distance needle electrodes. 
	Variable-distance, gel pad electrodes using anatomical landmarks yielded measurements for the shortest PMI. However, Z standardized by stature showed strong correlations with ADD (Hansen et al. 2017; Table 3.1; Figure 3.7). 
	Variable-distance, needle electrodes using anatomical landmarks yielded measurements for the second shortest PMI. The measurement period was similar among all four body-segments. Models accounted for >90% of the variation when accounting for random effects (conditional R2) and >70% of the variation for fixed effects (marginal R2) excluding the shoulder-thigh body segment (Table 3.2; Figures 3.8-3.12). 
	Variable-distance, needle electrodes positioned on both hands and feet to isolate body segments yielded measurements for the second longest PMI. The difference in PMI is based on the positioning of the electrodes and the pattern of current sources and detecting electrodes used by the segmental equipment. Models accounted for less of the variation in the data compared to the measurement approach using anatomical landmarks (Table 3.3; Figures 3.13-3.25). The increased variation may be attributed to the increa
	Fixed-distance, needle electrodes positioned bilaterally at the mid-humerus and mid-femur yielded BIA measurements for the longest PMI. Similar to the variable-distance segmental approach, the downslope side of the body yielded more variable measurements than the upslope side. Models including random effects account for a higher amount of variation (conditional R2) than the variable-distance needle electrode segmental approach, but similar to variable-distance needle electrode anatomical landmark method (Ta
	To develop temperature correction equations for resistance and reactance measurements only a pork roast was used. No bodies in the appropriate condition (i.e. fresh, non-autopsied, presenting no trauma or significant pathology) were available when the appropriate environmental conditions occurred for cooling and warming the remains. In the comparison of correction models, multiple regression yielded the lowest mean sum of squares (Table 3.5; Figure 3.30). Further development of the models using human subjec
	 
	Conclusions 
	An arid environment significantly affects the decomposition trajectory away from the patterns described in the literature from elsewhere, particularly the eastern Woodlands of the United States. Changes include differences in the sequences of bloat and color. Moist decomposition can last years. A long period of stasis occurs between moist decomposition and skeletonization. 
	The first portion of this project described the differences in decomposition, the second tried two techniques to predict the post-mortem interval in arid environments. The TBDS scale does predict ADD better in desiccated remains than the TBS scale. It does what it was designed to do and better describes the changes seen between desiccation and skeletonization, giving a vocabulary and description of change (Connor and Garcia 2018) to what is often described as a period of stasis. 
	Bioelectrical impedance analysis continues to show promise as a technique for estimating the PMI. Further research is necessary to understand the sources and mechanisms of variation in the statistical models and the techniques. The incorporation of multiple PMI estimation methods into a single model shows some of the greatest promise for reducing error in PMI estimates. 
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	TABLES 
	Table 3.1. Coefficients for the quadratic regression equation ZH=β0+ β1∙ADD+ β2∙ADD2+ε for each donor. Coefficient standard errors (S.E.) are in parentheses. Hansen et al. 2017. 
	Cadaver 
	Cadaver 
	Cadaver 
	Cadaver 
	Cadaver 

	β0 
	β0 
	(S.E.) 

	β1 
	β1 
	(S.E.) 

	β2 
	β2 
	(S.E.) 

	Degrees of freedom 
	Degrees of freedom 

	F-statistic 
	F-statistic 

	p-value 
	p-value 

	Coefficient of determination (R2) 
	Coefficient of determination (R2) 


	TR
	Span
	A 
	A 

	5.1451 
	5.1451 
	(0.7324) 

	-0.0706 
	-0.0706 
	(0.0148) 

	0.0003 
	0.0003 
	(0.0001) 

	3, 14 
	3, 14 

	14.331 
	14.331 

	<0.001 
	<0.001 

	0.67 
	0.67 


	B 
	B 
	B 

	5.7973 
	5.7973 
	(0.6986) 

	-0.1142 
	-0.1142 
	(0.0166) 

	0.0007 
	0.0007 
	(0.0001) 

	3, 7 
	3, 7 

	67.996 
	67.996 

	<0.001 
	<0.001 

	0.95 
	0.95 


	C 
	C 
	C 

	4.1960 
	4.1960 
	(0.6257) 

	-0.0770 
	-0.0770 
	(0.0159) 

	0.0005 
	0.0005 
	(0.0001) 

	3, 5 
	3, 5 

	27.440 
	27.440 

	0.002 
	0.002 

	0.92 
	0.92 


	TR
	Span
	D 
	D 

	4.6621 
	4.6621 
	(0.7086) 

	-0.0913 
	-0.0913 
	(0.0132) 

	0.0005 
	0.0005 
	(0.0001) 

	3, 9 
	3, 9 

	127.988 
	127.988 

	<0.001 
	<0.001 

	0.98 
	0.98 




	 
	Table 3.2. Fixed effect coefficients from linear mixed effects model for variable-distance BIA measurements using anatomical landmarks and needle electrodes to isolate body segments. 
	Body Segment 
	Body Segment 
	Body Segment 
	Body Segment 
	Body Segment 

	Bodies 
	Bodies 

	n 
	n 

	Fixed effects 
	Fixed effects 

	Marginal R2 
	Marginal R2 

	Conditional R2 
	Conditional R2 

	ADDmax mean 
	ADDmax mean 

	ADDmax minimum 
	ADDmax minimum 

	ADDmax maximum 
	ADDmax maximum 


	TR
	Intercept 
	Intercept 

	Intercept S.E. 
	Intercept S.E. 

	TBS2 
	TBS2 

	TBS2 S.E. 
	TBS2 S.E. 

	BIA 
	BIA 

	BIA S.E. 
	BIA S.E. 


	TR
	Span
	Hand-Foot 
	Hand-Foot 

	5 
	5 

	211 
	211 

	-90.67 
	-90.67 

	62.07 
	62.07 

	1.47 
	1.47 

	0.03 
	0.03 

	24.83 
	24.83 

	39.03 
	39.03 

	0.73 
	0.73 

	0.94 
	0.94 

	546 
	546 

	213 
	213 

	874 
	874 


	Hand-Shoulder 
	Hand-Shoulder 
	Hand-Shoulder 

	5 
	5 

	211 
	211 

	-58.99 
	-58.99 

	62.66 
	62.66 

	1.35 
	1.35 

	0.03 
	0.03 

	6.79 
	6.79 

	9.07 
	9.07 

	0.74 
	0.74 

	0.95 
	0.95 

	561 
	561 

	213 
	213 

	778 
	778 


	Shoulder-Foot 
	Shoulder-Foot 
	Shoulder-Foot 

	5 
	5 

	196 
	196 

	-42.95 
	-42.95 

	52.01 
	52.01 

	1.31 
	1.31 

	0.03 
	0.03 

	0.77 
	0.77 

	23.30 
	23.30 

	0.73 
	0.73 

	0.95 
	0.95 

	480 
	480 

	213 
	213 

	654 
	654 


	Shoulder-Thigh 
	Shoulder-Thigh 
	Shoulder-Thigh 

	5 
	5 

	187 
	187 

	-27.68 
	-27.68 

	54.01 
	54.01 

	1.26 
	1.26 

	0.03 
	0.03 

	-27.67 
	-27.67 

	43.32 
	43.32 

	0.53 
	0.53 

	0.96 
	0.96 

	516 
	516 

	213 
	213 

	855 
	855 


	TR
	Span
	Thigh-Foot 
	Thigh-Foot 

	5 
	5 

	221 
	221 

	-90.00 
	-90.00 

	60.39 
	60.39 

	1.44 
	1.44 

	0.03 
	0.03 

	27.82 
	27.82 

	25.83 
	25.83 

	0.74 
	0.74 

	0.95 
	0.95 

	625 
	625 

	213 
	213 

	874 
	874 




	Table 3.3. Fixed effect coefficients from linear mixed effects model for variable-distance BIA measurements using segmental BIA and needle electrodes Asterisks (*) indicate the measurement was on the downslope side of the body, dagger (†) indicates slope was not applicable. 
	Body Segment 
	Body Segment 
	Body Segment 
	Body Segment 
	Body Segment 

	Bodies 
	Bodies 

	n 
	n 

	Fixed effects 
	Fixed effects 

	Marginal R2 
	Marginal R2 

	Conditional R2 
	Conditional R2 

	ADDmax mean 
	ADDmax mean 

	ADDmax minimum 
	ADDmax minimum 

	ADDmax maximum 
	ADDmax maximum 


	TR
	Intercept 
	Intercept 

	Intercept S.E. 
	Intercept S.E. 

	TBS2 
	TBS2 

	TBS2 S.E. 
	TBS2 S.E. 

	BIA 
	BIA 

	BIA S.E. 
	BIA S.E. 


	TR
	Span
	Hand-Foot 
	Hand-Foot 

	12 
	12 

	763 
	763 

	-201.95 
	-201.95 

	46.14 
	46.14 

	1.67 
	1.67 

	0.06 
	0.06 

	30.11 
	30.11 

	17.47 
	17.47 

	0.59 
	0.59 

	0.84 
	0.84 

	766 
	766 

	222 
	222 

	1828 
	1828 


	Hand-Foot* 
	Hand-Foot* 
	Hand-Foot* 

	12 
	12 

	720 
	720 

	-224.14 
	-224.14 

	59.87 
	59.87 

	1.84 
	1.84 

	0.08 
	0.08 

	26.66 
	26.66 

	22.07 
	22.07 

	0.47 
	0.47 

	0.70 
	0.70 

	860 
	860 

	223 
	223 

	1828 
	1828 


	Hand-Shoulder 
	Hand-Shoulder 
	Hand-Shoulder 

	12 
	12 

	803 
	803 

	-241.20 
	-241.20 

	41.87 
	41.87 

	1.86 
	1.86 

	0.06 
	0.06 

	19.71 
	19.71 

	5.45 
	5.45 

	0.71 
	0.71 

	0.89 
	0.89 

	854 
	854 

	27 
	27 

	1919 
	1919 


	Hand-Shoulder* 
	Hand-Shoulder* 
	Hand-Shoulder* 

	12 
	12 

	727 
	727 

	-165.50 
	-165.50 

	43.89 
	43.89 

	1.83 
	1.83 

	0.07 
	0.07 

	1.01 
	1.01 

	6.54 
	6.54 

	0.44 
	0.44 

	0.77 
	0.77 

	890 
	890 

	250 
	250 

	2125 
	2125 


	Shoulder-Thigh 
	Shoulder-Thigh 
	Shoulder-Thigh 

	11 
	11 

	458 
	458 

	-143.49 
	-143.49 

	40.81 
	40.81 

	1.75 
	1.75 

	0.07 
	0.07 

	39.92 
	39.92 

	24.08 
	24.08 

	0.46 
	0.46 

	0.86 
	0.86 

	904 
	904 

	26 
	26 

	1841 
	1841 


	Shoulder-Thigh* 
	Shoulder-Thigh* 
	Shoulder-Thigh* 

	9 
	9 

	476 
	476 

	-129.10 
	-129.10 

	65.72 
	65.72 

	1.82 
	1.82 

	0.07 
	0.07 

	52.38 
	52.38 

	38.62 
	38.62 

	0.31 
	0.31 

	0.95 
	0.95 

	1008 
	1008 

	522 
	522 

	1820 
	1820 


	Thigh-Foot 
	Thigh-Foot 
	Thigh-Foot 

	12 
	12 

	730 
	730 

	-198.46 
	-198.46 

	55.81 
	55.81 

	1.78 
	1.78 

	0.06 
	0.06 

	33.89 
	33.89 

	6.52 
	6.52 

	0.67 
	0.67 

	0.87 
	0.87 

	961 
	961 

	278 
	278 

	2125 
	2125 


	Thigh-Foot* 
	Thigh-Foot* 
	Thigh-Foot* 

	12 
	12 

	728 
	728 

	-185.30 
	-185.30 

	93.96 
	93.96 

	2.02 
	2.02 

	0.07 
	0.07 

	17.06 
	17.06 

	9.88 
	9.88 

	0.36 
	0.36 

	0.80 
	0.80 

	1036 
	1036 

	223 
	223 

	2054 
	2054 


	Hand-Hand† 
	Hand-Hand† 
	Hand-Hand† 

	11 
	11 

	725 
	725 

	-195.24 
	-195.24 

	54.92 
	54.92 

	1.60 
	1.60 

	0.06 
	0.06 

	19.12 
	19.12 

	17.37 
	17.37 

	0.48 
	0.48 

	0.56 
	0.56 

	818 
	818 

	110 
	110 

	1828 
	1828 


	Foot-Foot† 
	Foot-Foot† 
	Foot-Foot† 

	12 
	12 

	744 
	744 

	-168.88 
	-168.88 

	79.11 
	79.11 

	1.78 
	1.78 

	0.07 
	0.07 

	33.07 
	33.07 

	18.23 
	18.23 

	0.43 
	0.43 

	0.85 
	0.85 

	917 
	917 

	223 
	223 

	1828 
	1828 


	Transverse left arm-right leg† 
	Transverse left arm-right leg† 
	Transverse left arm-right leg† 

	8 
	8 

	693 
	693 

	-192.43 
	-192.43 

	70.17 
	70.17 

	1.83 
	1.83 

	0.08 
	0.08 

	15.44 
	15.44 

	17.70 
	17.70 

	0.43 
	0.43 

	0.82 
	0.82 

	1008 
	1008 

	430 
	430 

	2187 
	2187 


	Transverse right arm-left leg† 
	Transverse right arm-left leg† 
	Transverse right arm-left leg† 

	8 
	8 

	685 
	685 

	-252.89 
	-252.89 

	58.87 
	58.87 

	1.92 
	1.92 

	0.07 
	0.07 

	31.62 
	31.62 

	1266.00 
	1266.00 

	0.65 
	0.65 

	0.87 
	0.87 

	928 
	928 

	260 
	260 

	1828 
	1828 


	TR
	Span
	Whole Body† 
	Whole Body† 

	7 
	7 

	826 
	826 

	-243.06 
	-243.06 

	68.67 
	68.67 

	2.12 
	2.12 

	0.07 
	0.07 

	69.42 
	69.42 

	9.57 
	9.57 

	0.70 
	0.70 

	0.81 
	0.81 

	1160 
	1160 

	523 
	523 

	2187 
	2187 




	Table 3.4. Fixed effect coefficients from linear mixed effects model for fixed-distance BIA measurements using needle electrodes. Asterisks (*) indicate the measurement was on the downslope side of the body. 
	Body Segment 
	Body Segment 
	Body Segment 
	Body Segment 
	Body Segment 

	Bodies 
	Bodies 

	n 
	n 

	Fixed effects 
	Fixed effects 

	Marginal R2 
	Marginal R2 

	Conditional R2 
	Conditional R2 

	ADDmax mean 
	ADDmax mean 

	ADDmax minimum 
	ADDmax minimum 

	ADDmax maximum 
	ADDmax maximum 


	TR
	Intercept 
	Intercept 

	Intercept S.E. 
	Intercept S.E. 

	TBS2 
	TBS2 

	TBS2 S.E. 
	TBS2 S.E. 

	BIA 
	BIA 

	BIA S.E. 
	BIA S.E. 


	TR
	Span
	Midfemur 
	Midfemur 

	27 
	27 

	451 
	451 

	-31.19 
	-31.19 

	97.76 
	97.76 

	2.21 
	2.21 

	0.15 
	0.15 

	20.04 
	20.04 

	8.60 
	8.60 

	0.23 
	0.23 

	0.94 
	0.94 

	1551 
	1551 

	47 
	47 

	5819 
	5819 


	Midfemur* 
	Midfemur* 
	Midfemur* 

	25 
	25 

	433 
	433 

	-46.58 
	-46.58 

	213.42 
	213.42 

	2.79 
	2.79 

	0.20 
	0.20 

	8.82 
	8.82 

	1.18 
	1.18 

	0.67 
	0.67 

	0.88 
	0.88 

	1668 
	1668 

	47 
	47 

	6072 
	6072 


	Midhumerus 
	Midhumerus 
	Midhumerus 

	22 
	22 

	276 
	276 

	-124.68 
	-124.68 

	42.44 
	42.44 

	1.77 
	1.77 

	0.10 
	0.10 

	9.24 
	9.24 

	3.08 
	3.08 

	0.44 
	0.44 

	0.91 
	0.91 

	820 
	820 

	47 
	47 

	1976 
	1976 


	TR
	Span
	Midhumerus* 
	Midhumerus* 

	23 
	23 

	392 
	392 

	33.81 
	33.81 

	200.83 
	200.83 

	2.15 
	2.15 

	0.14 
	0.14 

	17.03 
	17.03 

	6.01 
	6.01 

	0.13 
	0.13 

	0.95 
	0.95 

	1286 
	1286 

	47 
	47 

	6128 
	6128 




	Table 3.5. Equations used to correct BIA resistance, reactance, and impedance readings to temperature using four different models. (c=corrected, m=measured, T=temperature, T20=20° C, R=resistance, X=reactance, Z=impedance). 
	Table
	TBody
	TR
	Span
	Model 
	Model 

	Equation 
	Equation 


	TR
	Span
	Random Intercept 
	Random Intercept 

	Rc = 1.7·102 + 4.5·10-10·BIAm - 1.4·10-9·(T20-Tm) 
	Rc = 1.7·102 + 4.5·10-10·BIAm - 1.4·10-9·(T20-Tm) 


	TR
	Xc = 8.8 + 6.1·10-14·BIAm - 1. 8·10-13·(T20-Tm) 
	Xc = 8.8 + 6.1·10-14·BIAm - 1. 8·10-13·(T20-Tm) 


	TR
	Zc = (Rc2 + Xc2)0.5 
	Zc = (Rc2 + Xc2)0.5 


	 
	 
	 

	 
	 


	Multiple Regression 
	Multiple Regression 
	Multiple Regression 
	 

	Rc = -25.87 + 1.32·BIAm - 2.99·(T20-Tm) 
	Rc = -25.87 + 1.32·BIAm - 2.99·(T20-Tm) 


	TR
	Xc = 3.63 + 0.61·BIAm + 0.06·(T20-Tm) 
	Xc = 3.63 + 0.61·BIAm + 0.06·(T20-Tm) 


	TR
	Zc = (Rc2 + Xc2)0.5 
	Zc = (Rc2 + Xc2)0.5 


	 
	 
	 

	 
	 


	2.5 Percent Correction 
	2.5 Percent Correction 
	2.5 Percent Correction 

	No correction reported for Rc 
	No correction reported for Rc 


	TR
	No correction reported for Xc 
	No correction reported for Xc 


	TR
	Zc = Zm - |T20·0.025| 
	Zc = Zm - |T20·0.025| 


	 
	 
	 

	 
	 


	Percent Correction 
	Percent Correction 
	Percent Correction 
	 

	Rc=Rm - |T20·0.014| 
	Rc=Rm - |T20·0.014| 


	TR
	Xc = Xm - |T20·0.300| 
	Xc = Xm - |T20·0.300| 


	TR
	Span
	Zc = (Rc2+Xc2)0.5 
	Zc = (Rc2+Xc2)0.5 
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	Figure 3.1. Changes in color seen throughout the decomposition process 
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	Figure 3.2. Changes in moisture seen throughout the decomposition trajectory.
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	Figure 3.3. Changes in tissue quality over the decomposition trajectory 
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	Figure 3.4. Changes in skeletonization seen in the thorax.
	 
	Figure
	Figure 3.5. Qualitative filters used in the scoring of the total body desiccation score. 
	 
	 
	Figure
	 
	Figure 3.6. Accumulated degree days graphed with total body desiccation score.
	 
	Figure
	Figure 3.7. Relationship between ZH and ADD for cadavers. The numeric value of the symbols represents the PMI in days. Quadratic regressions were used to fit solid lines. Dashed lines represent 95% confidence limits. (Hansen et al. 2017). 
	 
	 
	Figure
	Figure
	Figure 3.8. Observed versus predicted ADD for variable-distance BIA measured using needle electrodes and anatomical landmarks to isolate the hand-foot body segment on the upslope side of the donor. Error bars represent the 95% prediction interval. The line represents the 1:1 relationship between observed and predicted ADD.
	 
	Figure
	Figure
	Figure 3.9. Observed versus predicted ADD for variable-distance BIA measured using needle electrodes and anatomical landmarks to isolate the hand-shoulder body segment on the upslope side of the donor. Error bars represent the 95% prediction interval. The line represents the 1:1 relationship between observed and predicted ADD.
	 
	Figure
	Figure
	Figure 3.10. Observed versus predicted ADD for variable-distance BIA measured using needle electrodes and anatomical landmarks to isolate the shoulder-foot body segment on the upslope side of the donor. Error bars represent the 95% prediction interval. The line represents the 1:1 relationship between observed and predicted ADD.
	 
	Figure
	Figure
	Figure 3.11. Observed versus predicted ADD for variable-distance BIA measured using needle electrodes and anatomical landmarks to isolate the shoulder-thigh body segment on the upslope side of the donor. Error bars represent the 95% prediction interval. The line represents the 1:1 relationship between observed and predicted ADD.
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	Figure
	Figure 3.12. Observed versus predicted ADD for variable-distance BIA measured using needle electrodes and anatomical landmarks to isolate the thigh-foot body segment on the upslope side of the donor. Error bars represent the 95% prediction interval. The line represents the 1:1 relationship between observed and predicted ADD.
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	Figure
	Figure 3.13. Observed versus predicted ADD for variable-distance BIA measured using needle electrodes positioned on the hands and feet to isolate the hand-foot body segment on the upslope side of the donor. Error bars represent the 95% prediction interval. The line represents the 1:1 relationship between observed and predicted ADD.
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	Figure
	Figure 3.14. Observed versus predicted ADD for variable-distance BIA measured using needle electrodes positioned on the hands and feet to isolate the hand-foot body segment on the downslope side of the donor. Error bars represent the 95% prediction interval. The line represents the 1:1 relationship between observed and predicted ADD.
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	Figure
	Figure 3.15. Observed versus predicted ADD for variable-distance BIA measured using needle electrodes positioned on the hands and feet to isolate the hand-shoulder body segment on the upslope side of the donor. Error bars represent the 95% prediction interval. The line represents the 1:1 relationship between observed and predicted ADD.
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	Figure 3.16. Observed versus predicted ADD for variable-distance BIA measured using needle electrodes positioned on the hands and feet to isolate the hand-shoulder body segment on the downslope side of the donor. Error bars represent the 95% prediction interval. The line represents the 1:1 relationship between observed and predicted ADD.
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	Figure 3.17. Observed versus predicted ADD for variable-distance BIA measured using needle electrodes positioned on the hands and feet to isolate the shoulder-thigh body segment on the upslope side of the donor. Error bars represent the 95% prediction interval. The line represents the 1:1 relationship between observed and predicted ADD.
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	Figure 3.18. Observed versus predicted ADD for variable-distance BIA measured using needle electrodes positioned on the hands and feet to isolate the shoulder-thigh body segment on the downslope side of the donor. Error bars represent the 95% prediction interval. The line represents the 1:1 relationship between observed and predicted ADD.
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	Figure 3.19. Observed versus predicted ADD for variable-distance BIA measured using needle electrodes positioned on the hands and feet to isolate the thigh-foot body segment on the upslope side of the donor. Error bars represent the 95% prediction interval. The line represents the 1:1 relationship between observed and predicted ADD.
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	Figure 3.20. Observed versus predicted ADD for variable-distance BIA measured using needle electrodes positioned on the hands and feet to isolate the thigh-foot body segment on the downslope side of the donor. Error bars represent the 95% prediction interval. The line represents the 1:1 relationship between observed and predicted ADD.
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	Figure 3.21. Observed versus predicted ADD for variable-distance BIA measured using needle electrodes positioned on the hands and feet to isolate the hand-hand body segment of the donor. Error bars represent the 95% prediction interval. The line represents the 1:1 relationship between observed and predicted ADD.
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	Figure 3.22. Observed versus predicted ADD for variable-distance BIA measured using needle electrodes positioned on the hands and feet to isolate the foot-foot body segment of the donor. Error bars represent the 95% prediction interval. The line represents the 1:1 relationship between observed and predicted ADD.
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	Figure 3.23. Observed versus predicted ADD for variable-distance BIA measured using needle electrodes positioned on the hands and feet to isolate the transverse (right arm – left leg) body segment of the donor. Error bars represent the 95% prediction interval. The line represents the 1:1 relationship between observed and predicted ADD.
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	Figure 3.24. Observed versus predicted ADD for variable-distance BIA measured using needle electrodes positioned on the hands and feet to isolate the transverse (left arm – right leg) body segment of the donor. Error bars represent the 95% prediction interval. The line represents the 1:1 relationship between observed and predicted ADD.
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	Figure 3.25. Observed versus predicted ADD for variable-distance BIA measured using needle electrodes positioned on the hands and feet to isolate the “whole body” body segment of the donor. Error bars represent the 95% prediction interval. The line represents the 1:1 relationship between observed and predicted ADD. 
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	Figure
	Figure 3.26. Observed versus predicted ADD for fixed-distance BIA measurements using needle electrodes positioned at the mid-humerus on the upslope side of the donor. Error bars represent the 95% prediction interval. The line represents the 1:1 relationship between observed and predicted ADD.
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	Figure 3.27. Observed versus predicted ADD for fixed-distance BIA measurements using needle electrodes positioned at mid-humerus on the downslope side of the donor. Error bars represent the 95% prediction interval. The line represents the 1:1 relationship between observed and predicted ADD.
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	Figure 3.29. Observed versus predicted ADD for fixed-distance BIA measurements using needle electrodes positioned at mid-femur on the upslope side of the donor. Error bars represent the 95% prediction interval. The line represents the 1:1 relationship between observed and predicted ADD.
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	Figure 3.30. Observed versus predicted ADD for fixed-distance BIA measurements using needle electrodes positioned at mid-femur on the downslope side of the donor. Error bars represent the 95% prediction interval. The line represents the 1:1 relationship between observed and predicted ADD. 
	 
	Figure
	Figure 3.31. Mean sum of squares for the four temperature correction methods and BIA metrics R, X, and Z. 
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