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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 
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. 

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 
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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. 

This resource was prepared by the author(s) using Federal funds provided by the U.S. 
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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 

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 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 archaeological 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 µA, 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. 

 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, 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. 

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) was the response variable, the fixed 
effects were TBS2 and Zsl (s indicates measurement in series and l indicates the impedance was 
standardized by the distance between electrodes), and the random effects (random intercept and 
slope) were Zsl and donor. This model was compared to a model without TBS2. 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 
(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. 
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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 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 R2) but accounted for less variation in the fixed effects (marginal R2; Table 
3.3). 

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.

3- 3 

https://3.13-3.25
https://3.8-3.12


   

 

  
 

 
 

 
 

 

    
  

 
 

 
 

 

 

    

 
  

 
 

   
 

  
  

 
  

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 (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 R2). 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=β0+ β1∙ADD+ β2∙ADD2+ε for 
each donor. Coefficient standard errors (S.E.) are in parentheses. Hansen et al. 2017. 

Degrees 
β0 β1 β2 of Coefficient of 

Cadaver (S.E.) (S.E.) (S.E.) freedom F-statistic p-value determination (R2) 
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 (0.6986) (0.0166) (0.0001) 3, 7 67.996 <0.001 0.95 

4.1960 -0.0770 0.0005 C (0.6257) (0.0159) (0.0001) 3, 5 27.440 0.002 0.92 

D 4.6621 
(0.7086) 

-0.0913 
(0.0132) 

0.0005 
(0.0001) 3, 9 127.988 <0.001 0.98 
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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 TBS2 BIA Marginal Conditional ADDmax ADDmax ADDmax 

Body Segment Bodies n Intercept S.E. TBS2 S.E. BIA S.E. R2 R2 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 

Shoulder- 5 187 -27.68 54.01 1.26 0.03 -27.67 43.32 0.53 0.96 516 213 855 Thigh 
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 TBS2 BIA Marginal Conditional ADDmax ADDmax ADDmax 

Body Segment Bodies n Intercept S.E. TBS2 S.E. BIA S.E. R2 R2 mean minimum maximum 
Hand-Foot 12 763 -201.95 46.14 1.67 0.06 30.11 17.47 0.59 0.84 766 222 1828 

Hand-Foot* 12 720 -224.14 59.87 1.84 0.08 26.66 22.07 0.47 0.70 860 223 1828 
Hand-Shoulder 12 803 -241.20 41.87 1.86 0.06 19.71 5.45 0.71 0.89 854 27 1919 

Hand-Shoulder* 12 727 -165.50 43.89 1.83 0.07 1.01 6.54 0.44 0.77 890 250 2125 
Shoulder-Thigh 11 458 -143.49 40.81 1.75 0.07 39.92 24.08 0.46 0.86 904 26 1841 

Shoulder-Thigh* 9 476 -129.10 65.72 1.82 0.07 52.38 38.62 0.31 0.95 1008 522 1820 
Thigh-Foot 12 730 -198.46 55.81 1.78 0.06 33.89 6.52 0.67 0.87 961 278 2125 
Thigh-Foot* 12 728 -185.30 93.96 2.02 0.07 17.06 9.88 0.36 0.80 1036 223 2054 
Hand-Hand† 11 725 -195.24 54.92 1.60 0.06 19.12 17.37 0.48 0.56 818 110 1828 
Foot-Foot† 12 744 -168.88 79.11 1.78 0.07 33.07 18.23 0.43 0.85 917 223 1828 

Transverse left 
arm-right leg† 

8 693 -192.43 70.17 1.83 0.08 15.44 17.70 0.43 0.82 1008 430 2187 

Transverse right 
arm-left leg† 

8 685 -252.89 58.87 1.92 0.07 31.62 1266.00 0.65 0.87 928 260 1828 

Whole Body† 7 826 -243.06 68.67 2.12 0.07 69.42 9.57 0.70 0.81 1160 523 2187 

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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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 TBS2 BIA Marginal Conditional ADDmax ADDmax ADDmax 

Body Segment Bodies n Intercept S.E. TBS2 S.E. BIA S.E. R2 R2 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 

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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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 -10·BIAm - 1.4·10 -9·(T20-Tm) 

Random Intercept Xc = 8.8 + 6.1·10 -14·BIAm - 1. 8·10 -13·(T20-Tm) 
2 2)0.5 Zc = (Rc + Xc 

Rc = -25.87 + 1.32·BIAm - 2.99·(T20-Tm)Multiple Regression Xc = 3.63 + 0.61·BIAm + 0.06·(T20-Tm) 
2 2)0.5 Zc = (Rc + Xc 

No correction reported for Rc 

2.5 Percent Correction No correction reported for Xc 

Zc = Zm - |T20·0.025| 
Rc=Rm - |T20·0.014| Percent Correction Xc = Xm - |T20·0.300| 

2)0.5 Zc = (Rc
2+Xc 

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.

Section 5-14 



  

 FIGURES 

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.

Fig- 1 



  

 

 

   

 

 

 

 

 

 

Figure 3.1. Changes in color seen throughout the decomposition process 

Figure 3.2. Changes in moisture seen throughout the decomposition trajectory. 

Fig- 1 
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.



  

 

 

 

 

 

 

 

 

 

Figure 3.3. Changes in tissue quality over the decomposition trajectory 

Figure 3.4. Changes in skeletonization seen in the thorax. 

Fig- 1 
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.



  

 

 

 

 

 

 

Figure 3.5. Qualitative filters used in the scoring of the total body desiccation score. 

Figure 3.6. Accumulated degree days graphed with total body desiccation score. 

Fig- 1 
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.



  

 

 
 

 

 

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). 

Fig- 1 
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.



  

 

 
 

 

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. 

Fig- 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.



  

 

 
 

  

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. 

Fig- 3 
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.



  

 

 
 

  

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. 

Fig- 4 
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.



  

 

  
 

  

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. 

Fig- 5 
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.



  

 

 
 

 

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. 

Fig- 6 
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.



  

 

 
  

  

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. 

Fig- 7 
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.



  

 

 

  

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.



  

 

 
 

  

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. 

Fig- 9 
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.



  

 

 
 

  

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. 

Fig-10 
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.



  

 

 
 

  

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. 

Fig-11 
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.



  

 

 
 

   

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 
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.



  

 

 
  

  

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. 

Fig-13 
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.



  

 

 

  
 

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. 

Fig-14 
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.



  

 

 
 

 

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.



  

 

 
 

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. 

Fig-16 
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.



  

 

 
  

  

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. 

Fig-17 
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.



  

 

 
  

   

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. 

Fig-18 
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.



  

 

 
  

  
 

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. 

Fig-19 
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.



  

 

            
               

             
 

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.



  

 

            
              

             
 

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. 

Fig-21 
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.



  

 

            
               

             

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. 

Fig-22 
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.



  

 

            
               

             
 

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. 

Fig-23 
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.



  

 

 

Figure 3.31. Mean sum of squares for the four temperature correction methods and BIA metrics 
R, X, and Z. 

Fig-24 
This resource was prepared by the author(s) using Federal funds provided by the U.S. 
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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.
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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.
	 
	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). 
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	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.
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	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.
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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.
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	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.
	 
	Figure
	Figure
	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.
	 
	Figure
	Figure
	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
	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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