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ABSTRACT

Estimating the time since death, or the postmortem interval (PMI), is a significant component of forensic anthropological analy-
sis when human remains are discovered. Despite decades of research, methods for providing an estimate of the PMI with known
error rates are still absent from applied medicolegal forensic work, which prompts the necessity for a critical examination of the
state of the field. This review details the history of how forensic anthropology emerged from the broader discipline of biological
anthropology, with a specific focus on how forensic anthropologists came to be understood as suitable experts for estimating the
PMI. We describe existing PMI estimation methods and enduring barriers in advancing our knowledge. We provide an overview
of the formative PMI research, then focus on a systematic review of 30years (1993-2023) of human decomposition literature.
Results of our synthesis demonstrate the two prevailing ways to estimate the PMI involve (1) the use of quantitative biomarkers
and (2) macromorphoscopic observations. Results also highlight that PMI research continues to be limited by small, highly
variable samples and a lack of standardized definitions of decomposition, which impedes replicability and the advancement of
methods for PMI estimation. Forensic anthropologists can address these longstanding issues by ensuring the principles of Open
Science are adhered to during the research and dissemination process including data sharing and transparency. Intentional
research design that integrates comprehensive geospatial data and improved modeling techniques can contribute to devising

methods capable of providing PMI estimates within applied medicolegal and humanitarian contexts.

1 | Introduction

Estimating the postmortem interval (PMI), or time since
death, remains one of the most elusive questions asked of fo-
rensic anthropologists working within the medicolegal death
investigation system in the United States and abroad. When
facially unrecognizable human remains are recovered, foren-
sic anthropological analysis provides information to further
identification efforts by generating a biological profile, which
includes estimates of the decedent's age-at-death, biologi-
cal sex, population affinity, and stature, which can then be
matched against missing person records. As a field that deals

with decomposing and skeletal remains, forensic anthropolo-
gists are also frequently asked to provide insight on the PMI
within these investigations. However, understanding the pro-
cess of decomposition is unlike other skeletal analyses, which
fit neatly within methods found in biological anthropology
more broadly. The study of decomposition and PMI estimation
were ultimately adopted by anthropologists as a byproduct
of requests for forensic investigations in need of skeletal and
taphonomic expertise. The focus here will be to examine the
reasons why forensic anthropologists came to be understood
as experts in estimating the PMI, existing methodologies for
doing so using human remains, and how we may advance our
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understanding of this complex process in the future given its
importance in the identification process within medicolegal
death investigations.

Nearly $8 million in federal funding has been awarded by the
U.S. National Institute of Justice since 2008 for research towards
informing the longstanding inquiry of assessing time since
death, which represents only a fraction of the research dedicated
to the subject. However, reliable methods for estimating the PMI
remain essentially absent from the applied medicolegal death
investigation system. Accurate estimations of the PMI can in-
form critical legal and humanitarian questions within this sys-
tem including providing a possible timeline that can be matched
with missing person's records, which can lead to a successful
identification of the unidentified. Furthermore, a reliable PMI
estimate can contribute to reconstructing the sequence of events
around an individual's death, corroborate alibis during the legal
process, as well as offer families information regarding the
death of their loved one.

The absence of fieldable PMI methodologies prompts the need
for reflection in light of nearly halfa century of human decompo-
sition facility research meant to address this enduring question.
The formation of the first facility in the world designed specifi-
cally to study the decomposition process on human cadavers was
established at the University of Tennessee, Knoxville (UTK) in

1980 and has since prompted nearly 50years of ongoing research
pertaining to the complexities of human decomposition. A total
of 12 human decomposition facilities exist worldwide with a
unified goal of advancing our understanding of decomposition
to better assist with medicolegal death investigations (Table 1).
Since the mid-20th-century, forensic anthropologists have made
methodological advancements regarding estimation criteria in-
volved in the biological profile including biological sex, stature,
and age-at-death (Jantz and Ousley 2005; Konigsberg et al. 2009;
Ross and Pilloud 2021; Steadman et al. 2006), however, PMI es-
timation methods do not seem to have followed a similar trajec-
tory. Forensic taphonomy, or what happens to the body between
death and the time of discovery, was put forth in the late 1990s as
a framework to advance PMI methods. While it has proven use-
ful in helping to reconstruct the circumstances before and after
deposition, interpret trauma, and identify dispersal patterns,
taphonomic explanations do not translate directly into appli-
cable methodologies for PMI estimation (Dirkmaat et al. 2008;
Haglund and Sorg 1997; Wescott 2018b).

Decomposition has long since been understood to be a com-
plex process influenced by myriad variables stemming from
external components such as the environment (e.g., weather,
environment, or geography), characteristics of the body (e.g.,
trauma or clothing) and internal, individualistic variables
(e.g., body size or disease state). Although this knowledge,

TABLE1 | Current human decomposition facilities listed by name, acronym, university affiliation, and geographical location.

Human decomposition facility =~ Acronym University Location
Anthropology Research Facility ARF University of Tennessee Knoxville Knoxville, Tennessee, USA
Forensic Anthropology Research FARF Texas State University San Marcos, Texas, USA
Facility

The Southeast Texas Applied STAFS Sam Houston State University Huntsville, Texas, USA
Forensic Science Facility

Complex for Forensic CFAR Southern Illinois University Carbondale, Illinois, USA
Anthropology Research

Forensic Investigation Research FIRS Colorado Mesa University Grand Junction, Colorado, USA
Station

Forensic Osteology Research FOREST Western Carolina University Cullowhee, North Carolina, USA
Station

USF Facility for Outdoor Research FORT University of Southern Florida Gainesville, Florida, USA
and Training

Forensic Research Outdoor Station FROST Northern Michigan University Marquette, Michigan, USA
Forensic Science Research and FSRTL George Mason University Manassas, Virginia, USA
Training Lab

Research in Experimental and REST[ES] Université du Québec a Trois-Rivieres Quebec, Canada
Social Thanatology

The Australian Facility for AFTER University of Technology Sydney, Australia
Taphonomic Experimental

Research

Amsterdam Research Initiative ARISTA  Amsterdam University Medical Centers Amsterdam, Netherlands

for Sub-surface Taphonomy and
Anthropology
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along with facilities in which to conduct research, have
prompted a diverse litany of decomposition studies over de-
cades, issues such as methodological inconsistencies, small
sample sizes, and regional limitations have hindered the dis-
cipline's ability to inform what remains a critical, unanswered
question in medicolegal death investigations. To understand
more fully the historical depth that accompanies the question
of PMI estimation and how it came to be within the purview
of forensic anthropology, it is necessary to delve into the 19th-
century, through the nascent field of physical (now biological)
anthropology, from which forensic anthropology emerged,
and assess the last several decades of research that informs
the field today.

Assessing the PMI has been of considerable interest within
the discipline of forensic anthropology since its emergence
and the complexities involved in providing PMI assessments
have been evident since this early period. In 1878, forensic
anthropology forefather Thomas Dwight describes seven
questions used to assist in the identification of a human
skeleton, the fifth of which is, “How long is it since death?”
(Dwight 1878, 7). In addressing this question, he notes that al-
though the forensic anthropologist may be able to reasonably
approximate aspects such as the age-at-death of an individ-
ual, the practitioner is “far more helpless” and “cannot give
an opinion of value” when it comes to estimating time since
death (Dwight 1878, 39-40). In interpreting Dwight's remark,
one must wonder how forensic anthropologists sought to over-
come these hurdles.

1.1 | Historical Context: Forensic Entomology
of the 19th-Century

The history of PMI estimation methods in forensic anthro-
pology is deeply intertwined with forensic entomology, or the
systematic study of the relationship between decomposition
and arthropod life cycles to estimate time since death in med-
icolegal death investigations. Early scientific and systematic
observations of human decomposition divided postmortem
changes of the body into a series of typological categories, or
periods of decomposition, which continue as the underpin-
nings of many anthropology-related decomposition studies
today. Pierre Mégnin's (1894) formative publication titled “La
faune des cadavres: application de 1'entomologie a la médecine
légale,” or “The fauna of corpses: application of entomology to
forensic medicine,” marked a critical moment in forensic en-
tomology as one of the first systematic presentations of a de-
composition timetable, or “waves” of arthropod colonization
on deceased bodies exposed to air. Megnin provided a starting
point for conceptualizing the correlation between chronology
and the colonization of insects on the body but never published
a visual representation of his efforts. Shortly after his publica-
tion, Johnston and Villeneuve (1897) published a table of eight
decomposition periods and the chronological correlations be-
tween decomposition stages and associated arthropod species
based upon Mégnin's (1894) previous work in France (Figure 1).
Johnston and Villeneuve (1897) were concerned with how vari-
ation in climate and environment would affect predictions of
time since death after reviewing their casework from Montreal,

FAUNA OF DEAD BODIES EXPOSED TO THE AIR'—(COMPILED FROM MRGNIN).

Physlcal Condition, Ml;‘llr'::m Forma met with,
First Period.....|Bodies fresh........... First  [(D) Musca.* :
Cyrtoneura.*
three Calliphora.*
S d Period...|D positi com- (D) Lucilic.*
menced ...o.oiiaeis l months. Sarcophaga.*
Third Period..... #Fatty acids ........... 3 months |(L) Dermestes.*
Aglossa.
to (D) mta .
Fourth Period...{Caseous products...... Antho
6 months. [(O) Necrobia. (Cornytea)

Fifth Period..... Ammoniacal fermenta-
tlons, black liquefac-|

4 months {(D) Thxreophwa.

lechea. Phora.
to (O) Nec;.oplwm

Hister.*
8 months, Saprinus.*
Sixth Period.....|Dessication............ 6 months {(A) Uropoda.
" 29‘(:5; nntua
to Kzﬂ
112 months. Serat?
Seventh Period.. “ extreme. .. 1year (L) Aglossa.
to neola.
(C) Attagenus
3 years. Anthrenus.
Eighth Perlod...[Debris................. Over 3 |(C) Tenebrio.
years. Ptinus,

FAUNA OF BURIED BODIES.

Before-Burial..... Sraeerete teses secsensiseiesiceranns (D) Calliphom’.(}yrtoneum.

After Burial..... ......coiiiiiiiiii i (D) Ophira*, Phor

(O) Philontes*, Rhizo hagus.
(The genera marked * in the table are those met|(T) Achorutes, Temp etonio.

with by ourselves.)

FIGURE1 | Description of physical changes of a body over time and
insect succession, adapted from descriptions by Mégnin (1894), who did
not create a table. Reprinted from “On the medico-legal application of
entomology,” by Johnston and Villeneuve (1897, 3).

Canada and clearly recognized the potential impact of different
environments on the decomposition process and associated in-
sect activity. The authors described the challenges of general-
izing across regions, given that little was presently understood
regarding different habits of the same arthropod species in dif-
ferent geographical locations (Johnston and Villeneuve 1897,
10). These authors also suggest there is little practical value of
using information gleaned from animals to understand human
processes, as they found much variation in the types of insects
observed on humans and those observed on animals.

Like the previous authors, American medical doctor Murray
Motter's (1898) study sought to determine the legitimacy of
Mégnin's (1894) observations of insect activity, decomposition,
and its application within legal medicine (Motter 1898, 201).
Unlike Johnston and Villeneuve, Motter was exclusively fo-
cused on the decomposition rates of buried bodies and had 150
human burials exhumed in the Washington D.C. area to evalu-
ate Megnin's observations about insect succession in this new
environmental context. He noted the complexity involved in
the process stating: “...from the condition of the cadaver alone,
no certain knowledge of the exact date of death is to be had”
(Motter 1898, 202). He noted a plethora of influential factors
may affect the decomposition process including aspects such as
age, antemortem illness, season, grave depth, embalming, soil
chemistry, among other variables. Based on his observations, he
concluded, “it is not safe to draw any conclusion at all” regard-
ing time since death (Motter 1898, 228). Historical forensic en-
tomology literature underscores that the complexities involved
in estimating the PMI from decomposing human remains was
understood well prior to forensic anthropologists' research in
this area.
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1.2 | The Evolving Role of the Anthropologist

Few publications focused on the PMI over the decades follow-
ing these early forensic entomological advancements. This may
be due to the sociopolitical climate that characterized the de-
cades between the turn of the century and the 1950s, including
the Great Depression and World Wars I and II (Hayman and
Oxenham 2020, 232). However, early anthropology literature in-
cluding A Guide to the Identification of Human Skeletal Material
(Krogman 1939) and Earnest Hooton's Medico-legal Aspects of
Physical Anthropology (1943), described that the primary exper-
tise provided by anthropologists related to aspects of generating
a biological profile from skeletal remains, with little discussion
of the PMI. Hooton wrote that in his nearly 30years as director
of a physical anthropology laboratory at Harvard University, his
assistance with personal identification was not requested more
than a dozen times, which demonstrates how infrequently an-
thropologists were called upon to assist in medicolegal casework
(Hooton 1943, 215). However, this began to change in the sub-
sequent years with the increased necessity to positively identify
war casualties from World War II (Kerley 1978, 161).

Shortly after the conclusion of World War II in 1945, anthro-
pologists were deployed to assist in identification efforts of
military casualties—an effort that forensic anthropologists
continue today through the Defense POW/MIA Accounting
Agency (DPAA) (Snow 1948; Wilson 2022). Their skeletal ex-
pertise uniquely positioned them to assist in identifying facially
unrecognizable individuals. Although discussions of PMI es-
timations were not found in published literature from anthro-
pologists working with the military, a 1959 manual provided by
the US Departments of the Army, the Navy, and the Air Force
titled Handling of Deceased Personnel in Theaters of Operations
described the system for processing remains after disinterment.
As the remains of soldiers were received, they were classified as
current (non-decomposed, within 72-h postmortem), flesh cov-
ered (remains are decomposed but no bone exposure), semiskel-
etal (some flesh remains), and skeletal (fully skeletal without
flesh) (Departments of the Army, Navy, and the Air Force 1959,
66-67). These categories determined how the identification of
the decedent would proceed. For those who were not skeletal,
identification efforts focused on characteristics involving soft
tissue such as tattoos, scars, and hair samples, while skeletal
identification required an anthropological assessment of the
bones to create a biological profile and to determine the presence
of skeletal fractures or anomalies (Departments of the Army,
Navy, and the Air Force 1959, 67).

In a publication titled Identification of Skeletal Remains, early bi-
ological anthropologist Alice Brues, provided additional insight
into the role of anthropologists during this era (Brues 1958).
She described that most anthropologists trained in working
with skeletal remains were employed as anatomists at medical
schools or researchers at universities or museums. Rarely were
they employed full-time as identification specialists in the med-
icolegal system, except in government programs involving the
identification of those who died in the war (Brues 1958, 551).
Brues explained that the biological anthropologist's role when
assisting in forensic casework typically involved providing
estimations regarding age-at-death, sex, stature, and “race.”
Importantly, she cautions against anthropologists offering

information regarding time since death, explaining that “one of
the questions often asked regarding skeletal or semi-skeletal re-
mains is the approximate length of time since death. This is not
really within the province of the anthropologist, though after
some experience he may be prepared to contribute to a discus-
sion in which various factors are considered by those investigat-
ing the case” (Brues 1958, 552). Although anthropologists were
thought to be well suited to distinguish between archaeological
and more recent skeletal remains, a pathologist was deemed to
be more equipped to decipher the PMI based upon soft tissue
changes (Brues 1958, 552).

During the mid-century, anthropologists’ skeletal expertise in
biological profile estimation was highlighted, however, assess-
ments of time since death were still considered to be within the
expertise of forensic pathologists. It is clear from Brues' descrip-
tion of casework, that she was frequently called upon to make
these assessments and other taphonomic considerations, how-
ever, there were few methods available to address this aspect of
the identification process (Brues 1958, 552-554). Ongoing ten-
sion between requests from law enforcement and what anthro-
pologists could scientifically provide continued to be a recurring
theme throughout the proceeding decades.

1.3 | A Turning Point: Forensic Anthropology
and Time Since Death

Anthropological literature published throughout the first half of
the 20th-century illustrates a period of enthusiasm for forensic
anthropological advancements including the capacity for suc-
cessfully identifying human remains as discussed in the first
Yearbook of Physical Anthropology article related to forensic an-
thropology (Kerley 1978). In this piece, Ellis Kerley described
how methods for estimating the biological profile were making
considerable advancements towards human identification. He
also notes that estimating time since death is the most elusive
assessment that forensic anthropologists might make. Kerley
highlighted two issues that prevented progress in PMI research,
including the often-cited variation and influence of postmortem
taphonomic conditions and that “most forensic anthropologists
have not seen a large series of remains where the time since
death is actually known” (Kerley 1978, 170). Unlike methods for
assessing components of the biological profile, devising methods
for PMI estimation require different facilities and resources out-
side of osteological collections, such as human donors and the
capacity for conducting longitudinal studies on decomposition.
Interestingly, just twoyears after this publication, William Bass
founded the first decomposition facility dedicated to the longitu-
dinal observation of individuals with known time since death.

Forensic anthropologist and student of Wilton Krogman,
William Bass, moved from the University of Kansas to the
University of Tennessee (UT) at Knoxville in 1971—a transition
that spurred his interest in time since death research (Bass 2006,
181). At Kansas, Bass was largely tasked with assessing skeletal
remains cases, whereas at Tennessee, he was receiving more re-
quests regarding partially decomposed bodies. Writing in 2006
about assessing time since death, he explains that even “after
22years there is still much to learn about this very complicated
subject” (Bass 2006, 181). A defining point for his investment in

4 of 27

American Journal of Biological Anthropology, 2024



PMI research is summarized in a case study involving an em-
balmed American Civil War soldier.

In 1977, Bass infamously provided Tennessee law enforcement
with an inaccurate PMI estimation of sixmonths to a year for
a complicated case involving the embalmed and buried re-
mains of an American Civil War soldier who had been dead for
112years (Bass 1984, 139). Bass was candid about his error and
provided a full background on the circumstantial evidence and
pressure involved in providing a PMI estimation to law enforce-
ment while on the scene, which he explained ultimately skewed
his perspective. He viewed his error as a learning experience,
one that could ultimately benefit forensic anthropology, which
had largely avoided tackling the issue of determining time since
death. This story not only encompasses the complexity involved
in accurately estimating the PMI but is also significant in that
this event was perhaps one of the single most driving factors in
propelling the field of forensic anthropology towards systemati-
cally investigating the question of the PMI.

The first human decomposition facility was opened as the
Anthropology Research Facility (ARF) at UT, Knoxville in
1980. Bass successfully advocated with the UT administra-
tion for the creation of a human decomposition facility where
researchers could methodically conduct forensic research and
produce empirical data, which was unprecedented and other-
wise nonexistent at the time. The initial site was roughly half
an acre and later expanded to two-three acres behind the UT
Medical Center. In 1981, Bass formalized an official body do-
nation program, which continues today (Vidoli et al. 2017).
After the decomposition period, all decedents are accessioned
for curation in the William M. Bass Donated Skeletal Collection,
which is now housed within UT's Forensic Anthropology Center
(FAC). (Vidoli et al. 2017). Importantly, the creation of a facility
like this was a turning point in the formalization of forensic re-
search in providing an avenue to study human decomposition
longitudinally.

The establishment of the ARF ultimately inspired the creation
of 11 additional human decomposition facilities that now exist
worldwide including in the United States, Canada, Australia, and
the Netherlands (Table 1). Today, descriptions and mission state-
ments found on the websites of institutions with decomposition
facilities identify their primary function as informing research
on time since death and further exploring the rate and pattern of
human decomposition. Several facilities such as those at Texas
State University (FARF), Southern Illinois University (CFAR),
Northern Michigan University (FROST), and the Université du
Québec a Trois-Rivieres (REST[ES]) state they are imperative
for documenting regionally specific patterns of decomposition.
In addition to decomposition and taphonomic research, these
facilities also highlight the significance of their donor program
in contributing to ethically curated contemporary osteological
collections. Ultimately, these facilities have become known as
cornerstones for the training of students through coursework
and graduate research in both forensic science and biological
anthropology more broadly.

The earliest work to stem from controlled longitudinal obser-
vations of human decomposition at a facility comes from grad-
uate student William C. Rodriguez III's master's thesis from

the ARF in 1982. The following year, Rodriguez and Bass pub-
lished the results of this study in the Journal of Forensic Sciences
(Rodriguez and Bass 1983). In this study, four human cadavers
were placed at ARF in different seasons to document the succes-
sional pattern of insects and provide defined criteria for deter-
mining the PMI (Rodriguez and Bass 1983, 423). This research
marks a transitional period when anthropologists, using meth-
ods from entomological work, developed the underpinnings for
future forensic anthropology research. Importantly, Rodriguez
and Bass were influenced by earlier entomological studies in-
volving the decomposition of dog carcasses (Reed 1958) and
baby pigs (Payne 1965) and were the first to translate these
methods to observations on human subjects.

Reed (1958) observed the ecological communities produced
through the decomposition of 43 dog carcasses near Knoxville,
Tennessee and sought to correlate arthropod species and quan-
tity observed on the carcasses to four stages of decomposi-
tion (fresh, bloated, decay, and dry). His inspirations included
early entomological literature containing similar approaches
such as Mégnin (1894), Johnston and Villeneuve (1897), and
Motter (1898). Reed did not report on the PMI or how his obser-
vations related to it in his publication, as his focus was primar-
ily on categorizing arthropod species. Payne's (1965) formative
study observed differences in decomposition among fetal pigs in
environments with and without insect activity. For each envi-
ronment, he identified and recorded different stages of decom-
position. For pigs not exposed to insects, he created five stages:
fresh, bloating and decomposition, flaccidity and dehydration,
mummy stage, and desiccation and disintegration. When ex-
posed to insects, six slightly different stages were identified:
fresh, bloat, active decay advanced decay, and dry remains
(Payne 1965, 595-599).

Neither Reed nor Payne were investigating decomposition for
the purposes of further understanding the PMI. Instead, they
were concerned with the entomological aspects of their investi-
gations, but their work remains influential on anthropologists’
conceptualization of decomposition as highlighted through the
persistent use of dividing decomposition into stages. Following
Reed's methods, Rodriguez and Bass (1983, 426) divided the de-
composition process of humans into four stages (fresh, bloated,
decay, and dry). Like Reed, they recorded the duration (in days)
of each stage for each of the four individuals, rather than re-
porting on the actual time elapsed since death in relation to
the stages. Rodriguez and Bass were primarily interested in the
successional pattern of various insect species and suggested that
carrion activity patterns were well suited to provide a better un-
derstanding of time since death. This publication laid the foun-
dation for future observations of human decomposition to be
divided into stages, which continues to influence the field today.

There was a promise that longitudinal observations of human
decomposition would lead to advancements and improvements
in the methods available to practitioners to estimate the PMI
with greater accuracy following the opening of the ARF, but the
literature reflects a nascent field navigating new terrain. For ex-
ample, Rodriguez and Bass (1985) continued their explorative
studies and examined the rate of decomposition among four
unembalmed buried bodies to contribute to medicolegal knowl-
edge regarding buried remains of homicide victims. A few years

5of 27



later, Mann et al. (1990) aimed to summarize observations on
human decomposition from 150 bodies placed at the ARF from
1980 until 1990. The study highlighted several important and
interrelated variables that impact the rate of decomposition,
such as temperature, burial depth, carnivore and insect activ-
ity, humidity, trauma to the body, and size and weight of the
individual. Although Mann et al. (1990) provided information
regarding decomposition patterns, they did not report on the
rate of decay or categorize their observations by stages of de-
composition as seen in Rodriguez and Bass (1983). Rather, their
observations included descriptions of changes in skin pigmenta-
tion, breast shape, the effects of water, among other single case
observations. They concluded that “variability in the decay rate
of the human body is the rule” (Mann et al. 1990, 110). Soon
after their publication, Vass et al. (1992) outlined a method for
PMI estimation using volatile fatty acids from the soil samples
of seven donors at the ARF, stating that the PMI is “...one of the
most difficult questions addressed” by practitioners (p. 1237),
and one that can be reasonably assessed through observation if
the anthropologist has “the expertise and experience” (p. 1237).
The soil chemistry method outlined by the authors is complex
and details needed for repeatability of the method were not pro-
vided in the publication.

In addition to the work occurring at the ARF, studies using
larger sample sizes from forensic data were rare, with some ex-
ceptions. For example, Galloway et al. (1989) provided the first
large-scale, retrospective study that examined decomposition
characteristics from 189 forensic cases with known PMI infor-
mation from Pima County, Arizona. Of these cases, nearly half
were recovered from outdoor surfaces, one-third from within
closed structures, and the remaining individuals were recov-
ered from water or burials. The remains were classified into five
decomposition stages: fresh, early decomposition, advanced de-
composition, skeletonization, extreme decomposition. The first
four stages were similar to those of Rodriguez and Bass (1983),
who had adopted them from Reed (1958) however, Galloway
et al. (1989) developed and included detailed traits associated
with each proposed decomposition stage. Among the traits were
characteristics of lividity, marbling, skin slippage, mummifi-
cation, desiccation, bleaching, exfoliation, cortical breakdown,
carnivore activity, and mold on remains or associated clothing.
This thorough documentation of additional variables, or “sec-
ondary categories,” associated with decomposition stages was
not found in any previous publication.

This foundational period in decomposition research in the
United States focused on the use of human subjects to expand
understanding of the many interrelated variables that impact
the complex decomposition process. Longitudinal observations
of human donors were unprecedented and made possible due
to the founding of the ARF. The increased case load of forensic
anthropologists assisting with medicolegal death investigations
in the United States also contributed to knowledge of the de-
composition process across different regions and environments.
Throughout these early publications, there is a clear unease with
the lack of availability of reliable methods for assessing the PMI.
With the exception of Vass et al. (1992), these early studies did
not seek to provide an explicit method for estimating the PMI,
but rather sought to offer guidance regarding the many interre-
lated variables that impact the PMI based upon their subjective

observations of human decay in varied settings. The creation
of the ARF, along with these formative studies (Rodriguez
1982; Rodriguez and Bass 1983; Galloway et al. 1989; Mann
et al. 1990; Vass et al. 1992) laid the groundwork for how future
research concerning the PMI would proceed in the following
three decades.

2 | Three Decades of PMI Research in Forensic
Anthropology (1993-2023)

A considerable amount of research regarding PMI methods
has been undertaken since these foundational publications,
highlighting how PMI estimation increasingly became within
the scope of forensic anthropology. To more thoroughly un-
derstand the development and current state of PMI research
within the field, we performed a systematic review of published
English-language and peer-reviewed literature from the last
30years (1993-2023) following methods for systematic review
from Moitas et al. (2023). We used the following search que-
ries through the PubMed database: (“postmortem interval” or
“post-mortem interval” or “PMI” or “time since death”) and
(“anthropology” or “forensic taphonomy”) and found that the
first citations in this database to include these terms together
was in 1993, hence our survey of the last three decades. A sec-
ond search with the query (“post-mortem submersion interval”
or “postmortem submersion interval”) was used to identify ad-
ditional related publications. The literature was evaluated first
based on the title and abstract and then on the full text. Each
article was assessed independently by each author, and consen-
sus was determined through discussion among the authors. The
searches initially identified 446 studies using the search queries
above and were subsequently narrowed down through the ex-
clusion process shown in Figure 2. Publications were included if
a PMI estimation method was evaluated (i.e., no review articles
or case studies), and if the research did not involve assessing the
PMI using entomology or botanicals. We chose to focus solely on
studies that investigated PMI estimation methods using humans

[ Identification of studies via PubMed ]

c Records identified through

S PubMed database search

‘é using keywords with

£ language filter

] (n=446)

=2
— i Records excluded (n=350)
. * Case study/commentary/review: n=48

Records screened on basis * Non-human species: n=96

5 of title and abstract > * PMI not evaluated: n=107

E (n=446) + Entomology: n=94

§ * Botanical: n=5

: |

£

§ Records screened on basis Records excluded (n=11)

3 of full-text —> | +Case study/commentary/review: n=1
- (n=96) *Non-human species: n=5

*PMI not evaluated: n=4
i *Entomology: n=0
*Botanical: n=1
k Studies included in
qualitative synthesis
(n=85)

FIGURE 2 | Systematic review flow chart process (format adapted
from Moitas et al. 2023).
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(i.e., no animal proxies). The results yielded 85 publications for
inclusion in this review (Figure 2).

We recognize this overview excludes important taphonomic re-
search including non-English language articles, which reflects
our language deficiencies. We also intentionally excluded ar-
ticles that used entomology or botanicals to estimate the PMI,
given the expertise these methods require fall outside of typical
forensic anthropology training. Our choice to exclude research
using non-humans (e.g., pig proxies) was also intentional, as
studies have found that despite physiological and anatomical
similarities between pigs and humans, subtle differences can
impact the decomposition process in significant ways (Connor
et al. 2018; DeBruyn et al. 2020; Mickleburgh et al. 2021). Other
animals often used in taphonomic research such as rabbits and
rats, for example, are even less morphologically and physiologi-
cally similar to humans. Animal models provide a better oppor-
tunity for controlled study, as they are adept at holding certain
variables constant (i.e., diet, size, health, and cause of death) in
ways that are more difficult, if not impossible, to replicate using
human donors. While these controlled experiments may provide
insight into the mechanism of decomposition, their PMI estima-
tion methodology must ultimately be tested in human models
to demonstrate if those assumptions can translate to human
decomposition.

Undoubtedly, there are significant challenges to using human
subjects for forensic research including the relatively few human
decomposition facilities, especially outside of the United States,
in addition to the varied and necessary legal parameters across
the world that restrict and protect human donors in research.
In the absence of human decomposition facilities, some stud-
ies utilize forensic casework to investigate the PMI as demon-
strated by nearly 40% of the studies reviewed here. We do not
seek to undermine the value in the diverse scope of research
involving non-human proxies across the world, such as contrib-
uting knowledge regarding decomposition trends and patterns
in a variety of regions. However, our overarching question was
to investigate what PMI estimation methods exist that can ad-
equately inform medicolegal death investigations, and we be-
lieve this inquiry is best understood through methods tested on
human remains.

An overview of research between 1993 and 2023 provides insight
into current PMI estimation methods and research related to fo-
rensic anthropology. Given the diversity in research methods,
we divided the publications into 12 broad topics based upon how
PMI was evaluated including: citrate, fluorescence, histology,
microbiome, proteomics/metabolics/lipids, radiometric, scor-
ing systems, spectroscopy, stages of decomposition, taphonomy,
universal formula, and other (Table 2). We also divided the liter-
ature by case type including research conducted at decomposi-
tion facilities, forensic settings, both, or “other,” which we used
as an umbrella term for studies that utilized remains from ceme-
teries, archaeological and/or osteology teaching collections, doc-
umented skeletal collections, burials, dental extractions from
the living, autopsies, and those donated to science (Table 3).
Case type was further analyzed by continent, as opposed to
specific countries as in Table 1, to highlight broader geographic
trends. The types of samples varied across these studies and is
organized into categories in Table 4 including examinations of

the full body, or samples of human bone, human and animal
bone, soft tissue and/or bodily fluids, soil, soft tissue and soil,
textiles, human and animal full body, and human full body and
soft tissue.

The examination of the literature identified two prevailing ways
of evaluating the PMI: through microscopic techniques that re-
quire specialized equipment and macroscopic means that can
be evaluated through visual assessment. The diverse set of mi-
croscopic techniques include quantification of biomarkers using
the body, surrounding soil, or textiles. The second commonly
employed method evaluates morphological variation in macro-
scopic characteristics associated with the decomposition pro-
cess. In the following sections, we summarize the findings from
the past 30years of research involving PMI estimation methods
tested on human subjects to identify trends and inform future
directions.

2.1 | Quantitative Biomarker and Dating
Techniques

A variety of exploratory techniques have been employed in at-
tempts to estimate the PMI outside of traditional means of ex-
amining gross visual changes observed on the body. Estimating
the PMI from badly decomposed and skeletal remains has
and continues to be a challenge within forensic anthropology.
Researchers have devised a series of innovative techniques in-
volving microscopic methods in attempts to grapple with this
longstanding issue including analyses using citrate, the microbi-
ome, proteomics, radiocarbon analysis, histology, spectroscopy,
chemiluminescence, among others. Broadly, these methods
can be divided into inquiries that seek to define a precise time-
line, as is the case for remains that retain soft tissue or byprod-
ucts in the surrounding textiles or soils (Adserias-Garriga,
Hernéndez, et al. 2017; Adserias-Garriga, Quijada, et al. 2017;
Ashe et al. 2021; Bonicelli et al. 2022; Damann et al. 2015;
Hauther et al. 2015; Schwarcz et al. 2010), and those that apply
techniques for sorting dry skeletal remains into those of archae-
ological or forensic significance (Cappella et al. 2018; Creamer
and Buck 2009; Ermida et al. 2017; Hoke et al. 2013; Schrag
et al. 2012).

2.1.1 | Citrate

Citrate studies operate under the assumption that citrate levels
within bone decrease at predictable intervals postmortem and
thus can be used to quantify the time since death for skeletal
remains with reasonable accuracy, though studies have yielded
disparate results (Brown et al. 2018; Schwarcz et al. 2010; Sulis
and Vorobelova 2024). The citrate method was introduced by
Schwarcz and colleagues in 2010, who developed and tested the
method on human and animal bones, concluding that precise
and accurate PMI results could be gleaned from even small frag-
ments of bone. Kanz et al. (2014) tested the citrate method on the
temporal and femoral bones of 20 individuals stored in body bags
and wooden coffins with PMIs ranging from 28 to 52years. They
suggested that the femur is better suited to retain notable citrate
levels rather than bones with a thinner cortical layer and that
citrate depletion may occur more slowly in buried remains. In

7 of 27



(senunuo))

(L107) IoyIney pue uAnigaqg
(S102) ‘T® 30 UUBWE(

(8107) ‘1B 12 Mg

(T207) 1B 19 9ysy

(£102) "Te 32 “epelind
“e3111e0-SBLIASPY ‘(L107) ‘T€ 10
‘ZOpURUISH ‘B31118D)-SRIIdSPY

(9107) 'Te 32 Kouueag

(8T02) 'Te 10 q1Z1AS

(£T02) ‘T 30 JOH

(L107) "T® 10 eprutig

(6002) Jong pue IowWeaI)

(L107) "T® 39 o[[npne)
(L107) 'Te 32 ossede)
(0T0T) Te 30 ZoIBMYDS
(#107) ‘T 30 Zuey
(8102) "Te 10 umoig

(19V) Lo yoressay ASojodorypuy
(19V) Lnq1oe YyoI1easay A3ojodoryiuy

(SAVLS) Aioed 99usIds
J1suaio parddy sexay, 1seayinos

(LSTYO.) uoners
018359y A3070931SQ JISUSIO

(1A V) L3108 Yo1easay
K3orodoryiuy o1suaIog

o13100dSUN-20UdIIS 0) pjeuUo

[eo1So[oaeyDIR/[RLING
/Teot103s1y A[renyusjod-1eapoun

UISPOW PUE [ed1S0[09BYIIY

sqe[ A3ojodo1yjue o1SUI0]
wolj surewal pue sarsdoiny

UOT)I9[[0J [e3o[Ys snouadipul
-UOU WNJSNJA BI[BIISNY UIAISOA

OISUAIO
sarrensso Arerodurajuod pue [ed130[09BYdIY
(19V) Lo yoressay A3ojodorypuy
SOLI}OWR))

(19V) Lp1oe yo1easay A3ojodoryyuy

vsn
vsn

vsn

vsn

vsn

oueIg

Aueurion

adoing uroiseq
pue [enua)
‘Kueuwrron-adoing

[eSnyzog

eI[RIISNY

AR
Arein
epRURD PUB VSN
BLISNY

vsn

SISAEPED JO BI3R)
sqry

peay 9y Jo urys pue
‘0S10) ) JO UIYS ‘[T0saARIZ
Po1BIO0SSB-TOARPRD WOIJ SqeMS

sorered prey

Sqems [BIQ

sqry

SUOI}I33S SSOID U0(q [erowa

(JIN3[S 9UO pUe “TIdWNY
‘arIqn ‘BIOWdY) sauoq Suo|
-SoU0(q 9SI0Y puR UBWINH

QIAR[D

RIOWD,]

9BI(9}ISA JBqUIN| PUR
JeIqn/sinwaj ‘(duoq [ejorred
a3 jo 3red) I nea TerueI)

S3Jeys [elotua

S1d pue uewny woiy sqry

so[dwres suoq Inwdj pue [erodwa,

so[dures [esiejeiau ‘qry

QWIOIQOIOTIA

QWIOIQOIOTIA

QWIOIQOIOTIA

QWOIQOIOTIA

QUIOIqOITN

K3o10IsTH

QouddsaIoNn[ 4

QouddsaIoN[ 4

QouddsaIon[

QouddsaIon[

90U30S3I0N], ]
QouddsaION[g
aenId
arenn

aenID

royny

sTre3ap ad4Ly ase)

uored’0]

ad ) srdureg

ordog,

-1eak uonyesrqnd pue ‘Ioyine ‘s[rejop ased ‘Apnjs jo uoreoo] ‘od4) ajdures ‘01doy £q pa110s €207 01 €661 WOIJ (S8 = U) MIIASI dINJRINI] JLWISAS Y} JO SINSAY | ¢ HTAV.L

American Journal of Biological Anthropology, 2024

8 of 27



(sonunuo))

(T002) ‘Te 12 3J1MS SOLI9JOUID)) [eSnirog BIOWI,] JInowoIpRY
(#102) 'Te 32 Seayos JISUSIO PUBISZIIMS SQLI pUE 9BIQIIA JLIWoIpRY
(2102) T8 30 SeI1yos sarsdoiny pUB[IZIIMS 9BIQAIIA JLIjoWoIpRY

(JALAV) yo1easay [ejuswiLadxy
(eZZ0?) ‘T8 12 pIoJ[og-auoisuyof osrwouoydeg, 10 L31[10€,] URI[RI)SNY BI[RIISNY errednd pue ‘spreu ‘areyq JLjowoIpRY
(JALAV) yo1easay [ejuswiLadxy
(Qzz07?) 'Te 10 ploj[eg-auoisuyor osrwouoydeg, 10 Ky1[10€,] UeI[eNSNY BIRIISNY quI pue INwoj JLnowoIpRY
(1A V) L3108 Yo1easay sprdr
(0202) 'Te 12 0¥sod K3orodoIyjuy o1sudIog vsSn 9NSST) SOSNIA /SOT[OQBIDIAL/SOTUI0DI0I
(A¥V) Lnpoeg yoreasay
£3ojodoryyuy pue (Y V) LN[10.A spidry
(T202) 'T® 32 YSIngar3dIN 018359y ASojodoIyjuy OISURIO] vsSn djeUTWIOUUT PUE BIQLT, /SOT[0QBIDIA/SOTW0}01]
(JALAV) yd1e3s9y [ejuswLradxy spidry
(€207) "Te 39 11BMIS ‘SUI[0D srwouoyde], 10§ £31[10€,] URI[RIISNY OYL, BI[RIISNY SO[IIXAL /SOT[0QBIDIA/SOTW0}01]
(JALAV) yoIeasay [ejuswlIodxy spidrg
(€207) ‘T 39 “41BMIS ‘SUI[[0D srwouoyde], 10§ £31[10€,] UBI[RIISNY OY L, BI[RIISNY SO[IIXAL /SOT[0QBIDIAL/SOTW03}0IJ
(1Y VA) Lproed yoreasay spidry
(zz0?) "T® 19 1[e01U0g K3ojodoayiuy d1suaiog vsSn RIQI} JO 1JRYSPIUI JOLIJUY /SOT[0QBIRIAL/SOTUI0I01]
(€102) 'Te 1R 2127 dAeIg ssew [[ews woly SSUI[[IJ [eIua( BIQIOS [ EERS 3993/1930
(8102) 'TB 1R Jj1eD 9T uoreuop Apog oueIg BIURID 1DOIdTW/IYIO
(2207) "TB 19 eMEYIYST SUIAI] 94} WOIJ SUOTIORIIXD [eIUR( ueder U199 [Pwreud /1430
(SY14) uonels Yoreasay
(8T07) 'Te 32 Ussuey UONE31ISOAUT JISUIO vsSn Apoq [Ing JUSIIND [BILIIOH /IYIO
(SAV.LS) L1084 90UR10S J1suaio,] parddy $91s uonIsoduIodap
(9102) ‘T 12 JIBOIDIN SBeXJ], }SEIYINOS JB SIOUOP WOIJ Sqems UIYS vsSn woJj sardures [10S QUWIOIqOIDIN
(S102) "T® 39 IoyINeH (19V) Lnp1oeg yo1easay A3ojodoryyuy vSn QUNSAIUI 93T8] [RWIX01] QUIOIqOIDIN
(L102) 'Te 32 ‘epelind
“e31118D-SBLIASPY ‘(L107) ‘T€ 10
‘ZOpUBUIOH ‘eS11I1RD-SBLIdSPY (19V) Lnq1oeg yo1easay A3ojodoryyuy vSn sqems [e1Q QUIOIqOIIN
aoymy sTre3ap ad4Ly ase) uonedso] ad ) srdureg ordog,

(ponunuo)) | zATAVL

9 of 27



(senunuo))
(0102) 'Te 3 UOIB_dH JISUQIO] pueIoos Apoq g (SAvl) waisAs Surioog
(2207) "T® 19 NI2YISAOURI] JISUdIO] e Apoq 1Ing (SAVv.l) walsAs Suriods
(€207) TB 1 TeTRA OISUAIO] eIpu] Apoq [n4g (Sav.L) weiskg Jurioos
(sdL
(1207) so1e1d pue 19110pSITV JISURIO] uapams Apoq [Ing pue SAVI) waisks Surioos
(ISINd
(#102) 'Te 32 ouuo( 2 JISURIO] Arein Apoq [Ing pue SQVI) waisks Surioos
(L107) ‘T 30 ud[ee uea JISURIO] SPUBLIaYISN oYL Apoq [Ing (ISINJ) wdis£s Sur100§
(€£207) 'Te 12 UOS®eI[1_)D JIsuaIog UOpIMs Apoq 1Ing (uoneddIsa) WAISAS ULI00S
(SAVLS) Liproe 20ulds (S4.L) waishs
(1202) ‘Te 1@ 1920 o1suaio,] parddy sexag, 1seaynos vsn sqry 8u1100S pue AWOIqOIIIA
WI9)SAS
(1202) ‘T® 32 UOSBI[I09)D JISUQIO uspoms Apoq [[ng pue £30[0ISTY IOAT'T Jur100g pue £30103STH
(8102) 'Te 12 Aouue[eg J13100dSUN-20UdIIS 0} pIjeuUo ouRIg JIOUOp Yo®d WOy sqry Kdoosonyoadg
(€2072) "Te 319 olqny SUIAI[ 9} WOIJ SUONIORIIXS [RIUSJ ureds [EERS Kdoosonpoads
(6007) 'T® 10 Io[eyIsSWERY srerng Aueurion so[dures BI0UIO] Adooso1oadsg
(12072) ‘T 12 OIRIIDH-ZNI0 SOLIDIUIAD ureds 'IQN 1391 Kdoosonjoads
(paynuaprt pue £1njudd sordures suoq
(zz0?) 1B 319 BIsndeg -1STZ) UOT}O[[09 [eIS[YS 1eSnyiog [BISWINY PUE [BIOW] Kdoosonyoadg
(L102) 'Te 10 IsepeWY [eo130]09BYdIE pUE JISUSIO] Areir Ju0q 18o1I00 payroadsun Kdoosonpoads
(SAV.LS) L1108, 90USIOS JISUSIO]
(1202) T8 39 parddy sexa] 1seayinos pue (JYVI) $931s uonIsodwodap
U0SI919J-Peaquayily Apioeg yoreasay A3ojodoiqiuy JISuaIo vsSn woJj sardures J10S Kdoosonpoads
esarred ‘Teidrooo K3o103514
(2z07) "TB 19 19BN SO1I9}9WI) WOIJ UOT}II[[0D [8I130[091SO [izeig ‘Apoq TBIQOIISA “INWID,] pUE ‘ourwn| ‘OLI}oWoIpey
J[qIpueW 1o ‘OU0q K3or0381Y
(8102) 'T® 12 e[12ddeD JISUIO e [eIURID “QUO(q [BIN1I0D) pue ‘[ourwny ‘OLowWoIpey
aoymy sTre3ap ad4Ly ase) uonedso] ad ) srdureg ordog,

(ponunuo)) | zATAVL

American Journal of Biological Anthropology, 2024

10 of 27



(sonunuo))

(JALAV) yo1easay [ejuowiladxy

(6T02) 'T® 32 UOS[IM orwouoydeg, 10} LJ1[10€,] UeI[el)SNY Y.L BIRIISNY Apoq 1A (S9.1) waisAs gurioos
(1Y) L3108 Yo1easay

(9102) Te 32 Surpsong A3ojodoryuy oIsuaI0] vsn Apoq [ng (S9.1) wsAs 3urioog

(8T02) 'Te 30 UBWIPEIS (A9V) Lp1oed yoreasay ASojodorqiuy vsSn Apoq [Ing (S4.L) waisAs Surioog

(M vdD)yoIessay

(LT0?) "T® 19 $119q0Y ASojodoiyiuy dIsuaio, 1oy xarduro) vsSn Apoq g (Sg.1) waisAs Surioog
(1A Vd) L[oeq yoresasay

(1107) sy1ed £3ojodoryjuy dIsuaIo] vsn Apoq g (Sg.1) wasAs Jurioog

(S007) Te 39 1s943o JISURIO,] vsn Apoq [ng (S4.L) weysAs Suri00s

(€£207) 'Te 10 BUSPIEMEBUNYD) JISUdI0q eYURT LIS Apoq 1InA (S9.1) wraisAs gurioog
(d¥9V) Lnpoeg yoreasay

(£202) 'T® 39 So[ID ASojodoIyiuy pue sased JISUIO] 3N pue vsn Apoq Tg (S9.1) waisAs Surioog

(8107) 'Te 10 seyreneq (1¥9V) Lo yoressay A3ojodorypuy vsn Apoq A (S4.L) waisAs Surioog
(SAV.LS) AITI0B,] SOUSIOS OISURIO]
parddy sexag, 1seayinos (Y vID) Yoreasay
K3ojodoayiuy o1suaio 10j xo[dwo) {(SYIA)

(L107) 'Te 39 sqqed UOITR)S [O18IsaY UONBINSAAU] JISUI0] vsn £poq [Ing (sg.1) wais£s Surioos
(6T02) 'T® 32 UOSSIPUY JISUdIO] usapams Apoq 1nA (S9.1) waisAs Surioos
(8T0?) 'T® 32 UOSEBI[I0dD JISUSIO] uspoms Apoq 1InA (S9.1) waisAs gurioog

(VISI9V) £3o010dorqiuy
pue Awouoyde], 9oejIns-qns I0J I9)O/WOIqOITIN/(SAL
(0202) e 30 IoUNId SAIJEIIIU] OIS WEPIdISWY SPUBLIOYISN Y.L Apoq [ng 3 SA.1) WaIsAS Suri00g
(S¥I) UoneIs Yo1easay
(6T07) ‘T® 32 Iouu0) UON}E31ISOAU] JISUIIO] vsn Apoq 1ng (Sag.lL) waisAs Surioog
(8107) 'Te 32 udufioy OISUDIOA SPUELIOYIAN YL, Apoq [Ing (Sa V1) wajsAg Sutioos
(1202) ‘Te 30 0ZzZe[ed JISUdIO] A1ei1 Apoq 1ng (SAVv.l) walsAs Sur10ds
(020?) 'Te 30 0zZE[Rd JISURI0 Aren Apoq 1ng (Sav.L) wasAs Surioog
aoymy sTre3ap ad4Ly ase) uonedso] ad ) srdureg ordog,

(ponunuo)) | zATAVL

11 of 27



(1A V) L3108 YoIeasay

$91s uonIsodwodap

(L102) "Te 39 Ioyoueq K3ojodoIryiuy o1suaiog vSn woJy sardures 110§ Anstway) [10S/19710

(0202) 'Te 32 0131019-2 Pasea03p AJ3uada1 ‘[e3rdsoH Arerr £poq [na S0 10813 /1910

(S66T) 139UUg pUB UMOININ (19V) Lo yoressay ASojodorypuy vsn L S50] 1007 WOHOWISO4/II0

(8007) T® 19 19sTeY So1I19UIR) Aueurion eI0WS] YN/

(6T07) ‘Te 32 sney3ulor JISUDIO0,] (JUSI3I pUE [BOLIOISIH ) SOLIdIOWd)) Aueurion BIOWD,] UsBE[00/19M0
(e3ssauuay, ‘or[iaxouy) (4YV)

(IT0T) sseA Ayqioeq yoreasay ASojodorgiuy vsn £poq [na o[nu10] [PSoATIA

(L107) "Te 12 ST OISURIO] vsn £poq [Ing .

(S102) 1194 pue 320D OISUAIO] epeur) £poq [ R

(L007) ua1[@Isuks pue pPAdiy (T9V) Anpioe, yoressay ASojodoryqiuy vsn £poq [ng P——

(L102) 11°d pue 9[300D JISUSIO] epRUR) Apoq [Ing uonisoduodap jo sagels

(cz07) Te 12 reesalioy oIstaIod uredg £poq g uonsodwooap jo sadeis

(IYVA) Anpoed yoreasay

(91027) 1109SoM pue sdjeq K3ojodoIyiuy oIsuaio vsn £poq [[ng uonisodwodap jo sagels

(#007) 'Te 19 03311 JISUQIO ureds Apoq 1InA uonisodwooap jo sagels

(so6D o Jistiod EPEUED Apoq [ng uonsodwossp jo saders

(1T07) wreyduruun) pue ssoy UOTIBABIXD AI)OUId)) rUIRUR] Apoq [Ing uonisoduodap jo sagels
([salrsay) A3o103euey [, [e100S

(£207) "T® 19 UoAeD-NeAIIqTY pue [ejuaWIadXA Ul YoIeasay epeUuR) £poq [na (pourewu) worsks Su11008

(0202) ‘Te 19 S9[IH (19V) Lnq1oeg yo1easay A3ojodoryiuy VSN Apoq 1ng (SA.l) weisAs Surioog

(100 12 10 UPHLePIRD OISUSI0d SPUEISYION oYL Apoq [n4g (Sal) wasAs Surroog

Joyny sTre3ap ad4Ly ase) uonedso] ad ) srdureg ordoy,

(ponunuod) | zATIVL

American Journal of Biological Anthropology, 2024

12 of 27



TABLE 3

| Summary of mean sample sizes by case type and continent from the literature review (1993-2023). “Other” refers to remains from

cemeteries, archaeological and/or osteology teaching collections, documented skeletal collections, burials, dental extractions from the living,

autopsies, and those donated to science.

Case type Continent Number of studies Sample size Mean
Decomposition facility Australia 3 9 3
Decomposition facility Europe 1 2 —
Decomposition facility North America 28 710+ 26+
Forensic Asia 2 66 33
Forensic Europe 21 2238+ 112
Forensic North America 4 326 82
Forensic and other Europe 1 38 —
Forensic and decomposition facility North America 1 + —
Forensic and decomposition facility North America and Europe 1 377 —
Other Australia 1 14 —
Other Europe 13 750 58

Note: “+” indicates sample size is not clearly reported (as in: Schrag et al. 2012; Schwarcz et al. 2010; Vass 2011).

general, they found that citrate concentration did not work well
to estimate the PMI in their sample beyond distinguishing be-
tween archaeological and forensic remains. Brown et al. (2018)
conducted a validation study based upon the proposed method-
ology by Schwarcz et al. (2010) and concluded that the citrate
method was not reliable. Although citrate levels did deplete over
time, it did not occur in a linear manner as suggested by the orig-
inal authors (Brown et al. 2018). Sulis and Vorobelova (2024)
utilized mostly non-human animal remains and two samples of
human bones to test the hypothesis that citrate levels decrease
linearly postmortem and could only conclude that fresher bone
contained higher traces of citrate than archaeological remains
and that the original formula from Schwarcz et al. (2010) was
no. These studies suggest that citrate assays may be able to
provide general information regarding differentiating between
archaeological remains and those of medicolegal forensic signif-
icance, but the method's reliability has not been convincingly
demonstrated.

2.1.2 | Microbiome

The examination of the human microbiome, specifically post-
mortem changes in the microbial communities of various as-
pects of the body (e.g., skin, mouth, or gut) or surrounding
soil where the individual has decomposed, has been put forth
to provide empirically-driven PMI estimates in medicolegal
death investigations (Adserias-Garriga, Hernandez, et al. 2017;
Adserias-Garriga, Quijada, et al. 2017; Damann et al. 2015;
Hauther et al. 2015; Metcalf et al. 2016). These studies rely upon
the use of next-generation sequencing to track successional
changes in the thanatomicrobiome that correlate with time of
death, providing what some have called a “microbial clock” for
PMI estimation (Ashe et al. 2021). One of the first studies to
explore this idea in human donors was conducted by Hauther
et al. (2015), which offered proof of concept that the gut microbi-
ome can potentially assist in PMI estimation. Specifically, they

found that three common bacterial populations within the large
intestines of six donors declined at predictable rates within 20-
days postmortem (Hauther et al. 2015: 1239). Another study into
postmortem microbiome shifts in the human caecum of three
donors identified taxa that may be related to the PMI but require
further study for validation (DeBruyn and Hauther 2017).

Comparisons of microbial communities within human skele-
tal and surrounding soil samples have also been utilized to test
methods involving the microbiome. Damann et al. (2015) exam-
ined remains from 27 to 1692 days after placement at the ARF and
found that partially skeletal remains retained evidence of the gut
microbiome, whereas fully skeletonized remains demonstrated
evidence of microbial profiles that more closely resembled those
of the surrounding soil (Damann et al. 2015). Adserias-Garriga,
Quijada, et al. (2017, 388) examined microbial communities
within “cadaver decomposition islands,” or the soil surrounding
a decomposing individual, for insight into the PMI over a 12-day
period. Using three human donors from the ARF, they found that
the linear abundance of the bacteria Firmicutes was particularly
useful in assessing the PMI in the Tennessee summer climate but
suggested that a larger sample size would be useful to understand
the reliability of their method more concretely. A similar study
by Adserias-Garriga, Herndndez, et al. (2017) used these same
three donors to pioneer an assessment of postmortem bacterial
changes in the oral microbiome over the course of 12days. These
authors found patterned similarities in bacteria that correlated
to stages of decomposition including fresh, early decomposition,
advanced decay, and dry remains. Metcalf et al. (2016) utilized
a Random Forests regression model to analyze data from skin
and grave soil of four human donors and five mice over a max-
imum PMI of 143days. They discovered that microbial succes-
sion was similar across different soil types, seasons, and between
mice and humans and suggested microbial changes occur in a
“clock-like manner,” which can provide a precise PMI estimate
(Metcalf et al. 2016, 162). Belk et al. (2018) contributed a novel
idea to microbiome investigations by providing a meta-analysis
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TABLE 4 | Summary of mean sample sizes by sample and case type from the literature review (1993-2023). “Other” refers to remains from
cemeteries, archaeological and/or osteology teaching collections, documented skeletal collections, burials, dental extractions from the living,

autopsies, and those donated to science.

Sample type Case type Number of studies Sample size Mean
Human full body Forensic 20 2205 110
Human full body Forensic and decomposition facility 2 377+ —
Human full body Decomposition facility 12 268 22
Total 34 2850+

Human bone Forensic 5 189+ 38
Human bone Forensic and other 1 38 —
Human bone Decomposition facility 6 170 28
Human bone Other 12 507 42
Total 24 853+

Human and animal bone Decomposition facility 1 + —
Human and animal bone Other 2 257 129
Total 3 257+

Soft tissue/fluid Decomposition facility 7 58 8
Soil Decomposition facility 2 127 64
Soil and soft tissue Decomposition facility 1 5 —
Textiles Decomposition facility 2 8 4
Human and animal full body Decomposition facility 2 90 45
Human full body and soft tissue Forensic 1 236 —

Note: “+” indicates sample size is not clearly reported (as in: Schrag et al. 2012; Schwarcz et al. 2010; Vass 2011).

of possibilities for future machine learning models to analyze mi-
crobiome data and generate PMI predictions. More recent studies
involving the oral microbiome noted similar variability in the
bacterial taxa present across human donors at Western Carolina's
Forensic Osteology Research Station (FOREST) facility over a
28-day period but did not find a relationship between a particular
bacteria type and PMI length (Ashe et al. 2021).

2.1.3 | Proteomics, Metabolics, and Lipids

In addition to exploratory techniques involving the human
thanatomicrobiome, research involving bone proteomics, or the
extraction of bone protein profiles for use in determining the age
of skeletal remains, has gained increased interest within foren-
sic PMI research after demonstrating promise in studies involv-
ing paleontological and archaeological remains (Mickleburgh
et al. 2021). One such study utilized the iliac crests and an-
terior midshaft tibiae of four human donors at the Forensic
Anthropology Center at Texas State (FACTS) to compare sam-
ples from the time of placement to samples collected after skele-
tonization, which occurred at a maximum of 872days. They
report quantifiable differences in the amount and type of pro-
teins present by comparing the fresh and skeletonized remains,
which may be informative for future studies. They caution that
additional research is needed to document inter-individual and
inter-skeletal element variation in order to advance the method.

In another proof-of-concept study, Bonicelli et al. (2022) pre-
sented “forensOMICS,” which utilized proteomics as in the pre-
vious study but also incorporated metabolomics and lipidomics.
The authors suggested that despite their small sample of tibial
sections from four individuals, the combination of multiple met-
abolic markers (i.e., proteins, lipids, and metabolites) to provide
more accurate PMI estimates, could be informative, particu-
larly in the later stages of decomposition. Like most literature
described in this section, the researchers called for additional
experiments using increased sample sizes across different envi-
ronments to better understand the implications of these meth-
ods for estimating the PMI.

Lipid analysis has also been employed in forensic research to-
wards PMI estimations. A study from the Australian Facility
for Taphonomic Experimental Research (AFTER) analyzed lip-
ids absorbed into clothing worn by two donated bodies across
a decomposition timeline of 0-105days to determine if lipids
are a reasonable biomarker of decomposition and to compare
differences across seasons using accumulated degree days
(ADD) (Collins , Maestrini, et al. 2023). The authors developed
a method of lipid extraction and analysis using gas chromatog-
raphy and mass spectrometry and found a correlation between
30 different lipid types and early, middle, and late-stage de-
composition. A follow-up study to this research expanded their
original two-person sample size by adding four pigs as human
proxies (Collins, Maestrini, et al. 2023). This work investigated
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how ADD impacted lipid presence, with a particular focus on
which lipids were best correlated to PMI estimations. Their pre-
liminary findings yielded positive results that lipids present in
textiles could relate to ADD (Collins, Maestrini, et al. 2023).

2.1.4 | Radiometric Dating

Radiocarbon dating, or carbon-14 (*#C) level analysis, operates
under the assumption that the “C isotope, absorbed by the body
from the atmosphere during life, ceases postmortem with a
gradual decay rate, which can then be measured via quantifiable
amounts found in bone tissue. The time depth for carbon-14 can
be used to differentiate archaeological skeletal remains from
those of medicolegal significance. Until recently, the method
has not generally been useful for shorter timeframes that can
narrow the PMI range. Atmospheric *C levels significantly in-
creased after nuclear testing in the 1950s and 1960s, which has
contributed to noticeably heightened levels of *C in humans
since 1950. This spike and decline in carbon-14 levels is referred
to as the bomb curve, which has led to a technique based on ra-
diocarbon dating called bomb pulse dating that may allow for a
more fine-grained determination of the PMI (Johnstone-Belford
et al. 2022a; Ubelaker et al. 2022).

Bomb pulse dating has been demonstrated to potentially provide
further details regarding the time since death after traditional
radiocarbon analysis has confirmed medicolegal significance.
Johnstone-Belford et al. (2022b) demonstrated the importance
of skeletal element and bone type (i.e., cortical vs. trabecular)
in these analyses. They sampled both trabecular and cortical
bone from the ribs and femora of 18 willed individuals and
found that rib bones contained significantly lower levels of #C
than the femora and that trabecular bone from both skeletal el-
ements had a higher turnover rate than cortical samples. The
authors argued that ribs may be of better use in determining
forensic relevance and estimating year of death and that bone
tissue turnover time should be considered in future radiocarbon
analyses (Johnstone-Belford et al. 2022b). Ubelaker et al. (2022)
also found radiocarbon analysis may be useful in providing in-
formation about the year of death and provided additional find-
ings about the variation in different skeletal elements and across
age ranges in the 17 individuals and four bone elements they
examined. Johnstone-Belford et al. (2022a) found promising re-
sults in determining the year of death for individuals who died
between 2016 and 2018 by examining *C levels in nails, hair,
and pupae from 17 human donors, although several environ-
mental factors may have impacted their results and additional
research is needed. Capella and colleagues (2018) found that in
the 20 anthropological cases they examined, radiocarbon anal-
ysis provided the most accurate results for distinguishing bones
of forensic significance from archaeological remains, but two
quicker, more affordable methods, luminol testing and histolog-
ical analysis, may provide useful screening tools with further
research.

2.1.5 | Fluorescence

Various forms of luminescent analyses have also been used
to evaluate the PMI, including chemiluminescence and

fluorescence. Chemiluminescence involves a chemical reac-
tion that produces a glow in the presence of luminol, often to
detect blood stains. The same concept has also been applied to
assess the PMI using hemoglobin present in bone, with advan-
tages including affordability and interpretability using macro-
scopic means for broad PMI ranges (Ermida et al. 2017). After
examining individuals from four time periods (1st-3rd century,
1878-1902, 1965-1972, 1995-2003), Ramsthaler et al. (2009)
cautioned that chemiluminescence was not sufficient on its own
but could serve as a starting point due to its affordability and
simplicity. A study by Creamer and Buck (2009) examined 14
samples of human femora and humeri to test the applicability
of the luminol technique to differentiate between remains that
are >100years or <100years. The authors found a correlation
between reduced hemoglobin content in skeletal remains and
an increased PMI. They suggested that the luminol technique
is fairly consistent across skeletal elements and may be a prom-
ising method for distinguishing between medicolegal cases and
those of archaeological origin (Creamer and Buck 2009).

Hoke et al. (2013) examined bone fluorescence to determine the
reliability of the method for estimating time since death for re-
mains less than 60years old and suggested that it should never
be the only criterion in ruling out sample age, as they found it
falsely classified half of their forensic samples (Hoke et al. 2013).
Another experiment found fluorescence to be of use in deter-
mining forensic versus archaeological (>50years PMI) signifi-
cance (Sterzik et al. 2018). Ermida et al. (2017) tested 50 skeletal
elements using chemiluminescence to determine if they could
differentiate between cases that remained of criminal signifi-
cance in Portugal (i.e., >15years) and those outside that time-
frame and argued that luminol testing alone is not sufficient.
They suggested future work consider taphonomic variables
as well as different sample preparation procedures (Ermida
et al. 2017, 1152). Caudullo et al. (2017) found that the results of
luminol testing differed across skeletal element type, the integ-
rity of the bone, and due to varying taphonomic variables thus
demonstrating the method's limitation in forensic analyses of
the PMI. A later study by Ermida et al. (2024) examined how ta-
phonomic factors, including weather variables (i.e., temperature
and humidity) and soil (i.e., soil type and pH), impacted the PMI
estimation when using luminol techniques to determine the in-
fluence of body deposition. They buried 30 clavicles with known
PMISs in vases under various conditions and found that sandier
soil seemed to yield more intense chemiluminescent reactions,
as did the indoor cases (Ermida et al. 2024). Burned remains,
likely due to the disruption of the bone's organic matter, had no
chemiluminescent reaction in their experiment. These findings
emphasize the importance of considering the deposition loca-
tion of the body when applying luminol techniques.

2.1.6 | Spectroscopy

Spectroscopy is a non-destructive method used to analyze a
breadth of forensically significant material, including finger-
prints, bodily fluids, and drugs, among others. It has also become
a potential dating method for human skeletal remains, particu-
larly for differentiating between modern and ancient contexts
(Ramsthaler et al. 2009; Hoke et al. 2013). One such study used
Raman spectrometry to examine the remains of 52 exhumed
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individuals interred in contemporary niche tombs in Spain with
a PMI from 15 to 87years (Ortiz-Herrero et al. 2021). They used
applied chemometrics to analyze the data and found a correla-
tion with spectral change and the PMI. Delannoy et al. (2016)
approached the question of PMI through a micro- and macro-
study on bone diagenesis using Raman spectroscopy and bone
mass. They studied six ribs from three donors to compare bone
mass across varied environments to understand how moisture
and temperature affect bone mass over 90days and suggested
that both variables should be considered and integrated into fu-
ture work. Another study developed a method to estimate the
PMI of surface-discovered skeletal remains by using data from
cadaver decomposition island soil and UV-Vis-NIR (near infra-
red) spectroscopy (Aitkenhead-Peterson et al. 2021). The model
underestimated the PMI in all subjects potentially due to soil
type, burial depth, body size, and scavenger activity. Baptista
et al. (2022) also employed infrared spectroscopy to identify a
corollary between changes to the inorganic component of bone
and time since death using human femora and humeri samples
from 80 individuals with a PMI from 19 to 25years and sug-
gested that crystallinity and carbonate ratio indices are so far
the most reliable for assessing the PMI, but additional research
is needed.

Amadasi et al. (2017) conducted a study to compare the practi-
cal applicability and reliability of five existing chemico-physical
methodologies for PMI estimation with samples from the 1st-
century BCE and samples from 2013 using analyses of spectrom-
etry, X-ray, and luminol testing. Specifically, they endeavored to
understand if any of these methods were comparable to the more
preferred, albeit expensive “gold standard” technique using ra-
diocarbon dating (Amadasi et al. 2017, 220). Although each
method yielded possibilities for determining if the remains were
historical or of medicolegal significance, the authors purport
that additional testing with larger sample sizes is necessary to
validate the methods.

2.1.7 | Other

The literature also contains several one-off studies into the PMI
that did not fit into the previously identified categories. In one
experimental study, Kaiser et al. (2008) applied DNA analysis to
PMI determination using human femoral samples from exhu-
mations of individuals who died between 1 and >200years ago.
Ultimately, they concluded that additional research is needed
to understand the complex relationship between DNA degra-
dation and time since death. Hansen et al. (2018) experimental
research explored the relationship between bioelectrical imped-
ance analysis and PMI using four human cadavers with a PMI
of 10-32days, with the hope that future studies could develop
equations for PMI estimations. Jellinghaus et al. (2019) tested
a method involving collagen ratios in human bone samples and
found differences between males and females who were buried
for a total of 21-48years and across different environmental
conditions but suggested that this technique is not yet suitable
for offering definitive PMI assessments within medicolegal in-
vestigations. Le Garff et al. (2018) investigated changes in the
microstructure of human bone using microtomography capa-
ble of capturing 3D images of the internal architecture of bone.
They sampled ten sections of a singular human cranial vault and

found trabecular changes occurred within the first few weeks
postmortem but note that follow-up research utilizing additional
skeletal elements must be conducted before microtomography
can be considered a useful tool for estimating the PMI.

2.1.8 | Summary

These innovative techniques seek to address the longstanding
issue of estimating the PMI from remains in advanced states of
decomposition, including fully skeletonized remains.

Many of these studies sought to find an affordable, user-friendly
technique to confront the issue of the PMI (i.e., spectroscopic
and chemiluminescence), while several required advanced
interdisciplinary knowledge and specialized equipment (i.e.,
microbiome, proteomes, DNA). Despite the allure of rapid and
accurate PMI estimation results, especially for skeletonized re-
mains, much of the research seems to highlight how nascent
and limited existing techniques remain.

2.2 | Macromorphological Techniques: Stages
of Decomposition and Scoring Systems

Providing an estimate of the PMI using macroscopic observa-
tions of the decomposition process has been frequently utilized
as it provides low-cost, quick methods that are easily used in
forensic casework. An examination of the past 30years of re-
search highlights three common approaches for associating
macroscopic observations with PMI estimations including
stages of decomposition, the “universal formula,” and decom-
position scoring systems. Many of the macroscopic techniques
use accumulated degree days (ADD) as a proxy measure for the
significance of temperature on the rate of decomposition. ADD
are generally calculated as the mean daily temperature summed
over days to arrive at a specific calendar date associated with
the amount of thermal energy that has passed based upon the
observed changes on the body.

2.2.1 | Stages of Decomposition

The original method for categorizing macroscopic observations
into stages was established by Mégnin (1894) and this method
continues to provide an organizing principle of dividing the de-
composition process. As mentioned previously, stages initially
provided a way of documenting differences among insect spe-
cies and colonization throughout the decomposition process
(Johnston and Villeneuve 1897, Mégnin 1894; Motter 1898;
Payne 1965; Reed 1958), while later anthropological stud-
ies adopted these methods (Rodriguez 1982; Rodriguez and
Bass 1983). Shortly thereafter, forensic literature focused solely
on observations of the body without entomological variables
(Galloway et al. 1989).

Of the research reviewed since 1993 involving human subjects,
six articles have used stages of decomposition to examine the
PMI. Bates and Wescott (2016) used ADD and four stages of
decomposition (placement, early, advanced, mummification)
to categorize variation between autopsied and non-autopsied
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donors at the Texas State Forensic Anthropology Research
Facility (FARF) and found no significant difference between
the two groups in the ADD observed to reach each decompo-
sition stage. The authors do not report on the corresponding
PMI associated with the ADD values. A second study devised an
eight-stage system (early and late autolysis, early, middle, and
late putrefaction, and early, middle, and late skeletonization) for
classifying decomposition in 121 forensic cases from outdoor
surface contexts across Canada (Cockle and Bell 2017). In their
study, 96 cases were recovered within oneyear after death and
25 were recovered after oneyear postmortem, although the exact
distribution of the dates is unclear. These authors examined the
association between the stage of decomposition at the time of
discovery and ADD calculated from the date of death or the last
time the individual was seen alive. They found that neither the
PMI nor ADD were significantly correlated with the observed
stages of decomposition (Cockle and Bell 2017). A third study
used forensic cases from Spain to examine the relationship be-
tween the PMI and four decomposition stages (chromatic, bloat,
colliquation, and skeletonization) in addition to considering
the interplay of anthropometric and environmental variables
(Korgesaar et al. 2022). Using a machine learning algorithm,
they could reliably determine if the PMI fell into one of three
groups: 1-2days, 3-10days, and >10days. Komar (1998) re-
ported on 20 forensic cases from Canada that were recovered
in advanced stages of decomposition with a PMI ranging from
<2 to42months. The advanced stages of decomposition were di-
vided into four stages. The author noted differences in decompo-
sition patterns by location of discovery, presence of clothing, and
scavengers. Prieto et al. (2004) examined phases of decomposi-
tion in 29 forensic cases from Spain with a PMI of 0-75 months
using a six-phase system. They reported variation across dif-
ferent regions of Spain, across deposition types (i.e., open air,
closed structure, buried, or in water), and by scavengers (Prieto
et al. 2004).

Bone weathering stages are another method used to provide
rough estimates of the PMI. A method for correlating bone
weathering to a PMI was provided by Ross and Cunningham
(2011), who devised a five-stage system using buried remains
from a tropical environment based on Behrensmeyer's (1975)
study of mammal bones in Kenya. Each weathering stage de-
scribed by Ross and Cunningham (2011) corresponded to broad
PMI intervals from less than tenyears to more than 30years.

2.2.2 | The “Universal Formula”

A second approach for using macroscopic observations of de-
composition to determine the PMI was introduced by Vass (2011)
as the “universal formula.” He proposed a method that used a
single value to represent the percentage of soft tissue decompo-
sition observed, along with temperature and humidity, and two
constant values within the formula to derive an estimate of the
PMI. According to the author, this approach for quantifying the
percentage of soft tissue decomposition alleviates the lack of
clear boundaries between the traditional decomposition stages
(Vass 2011, 36). The method is meant to provide an immediate
PMI estimate while other lab-based and time-consuming anal-
yses occur and is based on “a large database from which visual
and empirical data were collected,” (Vass 2011, 35). There is no

clear information about the size of the database, or the specific
types of data used to develop the formulae. Two subsequent stud-
ies tested the formulae with mixed results (Cockle and Bell 2015;
Maile et al. 2017). Cockle and Bell (2015) reported poor accuracy
of PMI estimates in 42 surface and 22 buried cases from Canada
with a PMI of 2-395days, while Maile et al. (2017) found prom-
ising results in nine cases from Nebraska with a PMI from one
to 17days. However, these authors found relatively poor accu-
racy with ten cases from Hawaii with a PMI of 3-16 days. Maile
et al. (2017) argued for a more regionally specific formula along
with clearer and more consistent definitions for determining the
decomposition value proposed by Vass (2011).

2.2.3 | Decomposition Scoring Systems: Total Body
Score (TBS) and Total Decomposition Score (TDS)

The third commonly used macroscopic approach in PMI estima-
tions involves attempts to quantify the stages of decomposition
using scoring systems that produce a single value for the de-
composition state, which is widely employed across forensic an-
thropology. The most popular method was put forth by Megyesi
et al. (2005), but less known is a book chapter by Rhine and
Dawson (1998), both of which assigned a point value system to
the stages of decomposition proposed by Galloway et al. (1989).
The method separately scores the state of decomposition in the
head, torso, and limbs and sums these numbers for a Total Body
Score (TBS), which ranges from 3 to 35 (Megyesi et al. 2005).
TBS is then used in conjunction with ADD to account for how
the progression of time and temperature influence the decom-
position process. While the characteristics defined by Galloway
et al. (1989) were not intended to be sequential, the TBS method
assumes a sequential change representing accumulated decom-
position. Megyesi et al. (2005) scored total body decomposition
in 68 retrospective forensic cases with a PMI of 2-200days from
various environmental contexts across the United States and
used these cases to develop and internally validate a predictive
formula. This approach of quantifying the visual changes of de-
composition and translating them into an easily applied formula
associated with temperature provided future researchers with a
new way of thinking about PMI estimation.

The method developed by Megyesi et al. (2005) has been the
subject of several follow-up studies that answered the call
from the original authors to test the method on geographically
diverse decomposition contexts. Parks (2011) observed a sin-
gle donor at the FARF and found support for the TBS method
over the first tenweeks of decomposition. Another study by
Suckling et al. (2016) calculated the TBS on ten donors from
the FARF for 0-2500 ADD, however the exact PMI range is un-
clear. They reported that the method did not work well on their
sample and suggested that regionally specific methods may be
needed. Ceciliason et al. (2018) examined 140 indoor forensic
cases with a PMI of 0.5-217days and reported poor precision
with wide confidence intervals using the TBS method. Wilson
et al. (2019) used time-lapse imaging of one human donor at
the Australian Facility for Taphonomic Experimental Research
(AFTER) in Australia to determine if the TBS method could be
improved with this technology. Images were taken every 30 min
for sixmonths, and these authors found that the TBS model
worked well to estimate the PMI. In another decomposition
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facility study, Giles et al. (2020) examined 26 donors at the ARF
from one to sevendays postmortem and found that TBS was a
poor predictor of PMI. Gunawardena et al. (2023) observed 13
skeletons in Sri Lanka with a PMI of 15-62days to test the TBS
method and reported no correlation between ADD and TBS.

Others have examined experimental aspects of TBS evalua-
tions, including research by Roberts et al. (2017) using donors
at the Complex for Forensic Anthropology Research (CFAR) in
Southern Illinois and found that body mass was not an import-
ant variable to consider in TBS. In an interobserver error study,
Dabbs et al. (2017) suggested that TBS could be reliably scored
across observers using digital images of decomposition states.
Dautartas et al. (2018) and Steadman et al. (2018) tested the TBS
method using rabbits, pigs, and humans, and suggested that re-
sults from animal proxies are not translatable to human donors
due to differences in decomposition patterns across the species.

Follow-up studies to this method include several authors who
have examined the TBS equation (Megyesi et al. 2005) and
demonstrated calculation errors in the original TBS formula,
which impacted resulting calculations (Moffatt et al. 2016;
Smith et al. 2023). Specifically, the authors found that Megyesi
et al. (2005) has a rounding error in the published formula,
which had a significant impact on the ADD calculation. They
also demonstrated that the error calculation was incorrect in the
original work and did not account for the log transformation in
the formula. For example, in the original publication, a TBS of
22 has an associated ADD of 600°C +0°C-1376.1°C, while with
the corrected formula, the same TBS has an associated ADD of
363°C +143°C-923°C (Smith et al. 2023).

2.2.4 | Modified and Additional Decomposition
Scoring Systems

Other researchers have created new scoring systems follow-
ing the model outlined by Megyesi et al. (2005). For example,
Gelderman et al. (2018) created a Total Decomposition Score
(TDS) using a sample of 91 forensic cases from the Netherlands
with a PMI of 0-60days. Their method is similar to TBS, with
some modifications to the definitions and scoring range (val-
ues between 3 and 18, as opposed to the original 3-35 range).
Gelderman et al. (2018) reported an R? of 0.67 for indoor cases
(n=79) and 0.80 for outdoor cases (n=12) based on TDS and
ADD. Both reported models are only internally validated, pre-
sumably due to the small sample sizes. They found that the
formulae are not accurate in cases with a PMI of more than
tendays and note that “..caution is advised when drawing con-
clusions based on the formulas developed in this research, es-
pecially when the PMI is long” (Gelderman et al. 2018, 871). In
another study, Giles et al. (2023) examined TDS and ADD along
with other variables, such as body position, temperature, and
body mass index (BMI) in human donors from the ARF (n=38)
from one to 100days postmortem. They also examined foren-
sic cases from two medical examiners' offices (n=331) using a
Bayesian approach and reported that Bayesian Belief Networks
(BBN) provided a promising avenue for understanding the im-
pact of various taphonomic variables on the PMI. The model was
validated on a holdout sample (n =38) separate from the initial
training sample. Their results demonstrated that modeling PMI

estimation using BBN may provide a method to improve PMI
accuracy by incorporating intrinsic and extrinsic variables into
the model.

Modifications of the TBS method also include scoring sys-
tems devised for desiccated and mummified remains. Connor
et al. (2019) proposed a Total Body Desiccation Score (TBDS)
as a regional scoring system in Western Colorado to provide a
model for developing regionally specific scoring systems in gen-
eral. The TBDS was developed on 40 donors over threeyears and
validated on 17 separate donors. The various categories identi-
fied correlations with ADD that ranged from 0.55 to 0.78, and no
equation or method to determine ADD or PMI from the TBDS
was provided. Ceciliason et al. (2023) observed that few methods
exist for scoring desiccated and mummified remains and exam-
ined 102 indoor forensic cases with a PMI of 3-217 days to create
a classification schema. They classified observed changes into
leathery desiccated skin, parchment-like desiccation, and soft
tissue desiccation (Ceciliason et al. 2023, 1084-1085). Their re-
sults highlighted variability in desiccation rates and time since
death across their dataset, which prompted them to suggest
that more research, particularly longitudinal data, is needed
(Ceciliason et al. 2023). Finally, Pittner et al. (2020) examined
several different methods of PMI estimation using two donors
buried within 1-105days at the Amsterdam Research Initiative
for Sub-surface Taphonomy and Anthropology (ARISTA), in-
cluding TBS, TDS, proteins, microbiome, and insects. None of
the methods they examined provided accurate estimations of
the PMI, and they suggest additional reference data are needed
for buried remains. Ribéreau-Gayon et al. (2023) proposed a
macromorphoscopic scoring system based upon observations
of six donors from the Research in Experimental and Social
Thanatology (REST[ES]) decomposition facility in Canada. The
scoring system that they introduced documents characteristics
observed on the body using an absence/presence scale (i.e., 0 or
1), which they suggested accounts for the overlapping nature of
decomposition patterns.

2.2.5 | Formulae for Estimating the PMI From Bodies
Discovered in Water

Another area of PMI research involves scoring decomposition
of individuals recovered from water. A study from the United
Kingdom by Heaton et al. (2010) provided a method for deter-
mining the postmortem submersion interval (PMSI) developed
from 187 retrospective forensic cases with a PMI of 0-192days
and introduced a system called the Total Aquatic Decomposition
Score (TADS), which generally follows the TBS method of scor-
ing three regions of the body separately and summing the values.
The authors provided a prediction formula from their observa-
tions with an ¥2=0.77 based on internal validation. De Donno
et al. (2014) provided a test of the TADS based on 68 individuals
recovered from water from three to 118days post-submersion.
They reported that the scoring system was reproducible among
different investigators; however, when comparing individuals
recovered floating or submerged in shallow water versus those
found amidst a deeply submerged ship in cold water, the results
varied. The PMSI of individuals from shallow water were more
accurate in comparison to those discovered amid the deeply sub-
merged shipwreck. De Donno et al. (2014) concluded that TADS,
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like other decomposition scoring systems, provides a false sense
of accuracy given the complexity of factors that impact the rate
of decomposition.

Van Daalen et al. (2017) proposed a total aquatic decomposition
scoring system (TADS) for bodies recovered from the water
like previous work but with six possible scores per body region
compared to Heaton et al. (2010) eight-stage method. The au-
thors used 30 forensic cases to develop and validate the model
and reported a significant correlation between the TADS and
PMSI (van Daalen et al. 2017). Reijnen et al. (2018) tested the
van Daalen et al. (2017) TADS method using 76 retrospective
cases involving individuals recovered from fresh water in the
Netherlands and reported a significant correlation between
TADS and ADD (R?=0.782) from the overall dataset. Palazzo
et al. (2020) compared the two versions of TADS from Heaton
et al. (2010) and van Daalen et al. (2017) using 238 retrospec-
tive cases of individuals recovered from rivers in Northern Italy
between zero and 90days postmortem and suggested that sea-
sonality was important to consider in predictions of the PMSI.
They also reported that both methods have a strong correlation
between PMSI and TADS when the samples are divided by sea-
son. All cases examined were recovered within 20days of sub-
mersion. The authors noted the advantage of the van Daalen
et al. (2017) method is that the TADS can be calculated at the
scene and does not require an autopsy to estimate PMSI unlike
the method by Heaton et al. (2010).

Palazzo et al. (2021) performed a similar study on 61 bodies re-
covered from the Adriatic Sea with a PMSI of 0-80days. They
found that both of the TADS methods were correlated with
PMSI, and seasonal differences were not significant in this sam-
ple. The prediction equations were developed from the study
sample and not validated on an independent sample. Alfsdotter
and Petaros (2021) examined retrospective cases from Sweden
involving surface and water deaths with a PMI of oneweek to
>oneyear using the TBS and both TADS methods. They re-
ported overall low performance using either method and sug-
gested that a scoring method that is not based on mutually
exclusive stages may be beneficial for improving estimations.
Franceschetti et al. (2022) provided a retrospective study exam-
ining 184 individuals recovered from a submerged vessel in the
Mediterranean Sea. The decedents were recovered at six differ-
ent times, between three to 15months after the ship's sinking.
The authors found a correlation value of 0.83 between PMSI
and TADS and provided recommendations for modifications to
the Heaton et al. (2010) TADS method based on their sample.
Finally, Dalal et al. (2023) also tested the Heaton et al. (2010)
TADS method on a sample of 53 individuals recovered from wa-
terways in India. The authors reported a significant correlation
between TADS and ADD in their sample and developed a re-
gression formula based on the data from this region of India.
Dalal et al. (2023) concluded that 50 of the 53 cases fell within
the 95% confidence interval, but the TADS method tended to
overpredict ADD in the reported cases.

2.2.6 | Summary

The three predominant ways in which forensic anthropologists
macroscopically evaluate decomposition include dividing visual

changes observed on the body into stages of decomposition, the
“universal formula,” and decomposition scoring systems based
upon stages. These methodological approaches recognize that
a general pattern of decomposition occurs in human cadavers
following death. The challenge relates to how to best capture the
decomposition variables that impact the process. Studies have
investigated decomposition in different deposition sites includ-
ing on the surface, indoors, buried, and submerged in water,
along with inquiries into how postmortem and taphonomic
variables (i.e., autopsy, scavengers, etc.) affect the process (Bates
and Wescott 2016; Ceciliason et al. 2023; Heaton et al. 2010).
Some researchers have created scoring systems in attempts to
quantify and sum observed stages into a singular decomposition
value meant to provide a PMI estimation (Megyesi et al. 2005;
Gelderman et al. 2018). Other studies have taken this approach
and modified it for use within different environmental contexts
(Connor et al. 2019; Ribéreau-Gayon et al. 2023), while some
reported ongoing difficulties due to the lack of uniform defini-
tions, inconsistent methods, and the challenge of reducing de-
composition into a single score, or stage (Cockle and Bell 2015;
De Donno et al. 2014). The overarching goal of visual macro-
scopic methods is to provide quick, affordable, user-friendly, and
reliable methods for informing the imperative question of time
since death within medicolegal death investigations, yet this
goal remains unrealized.

3 | Discussion

Forensic anthropologists working within the contexts of human-
itarian crises and medicolegal death investigations have increas-
ingly played an integral role in assessing human remains cases
to provide crucial details, yet accurate PMI estimations remain
an elusive component of applied investigative forensic work de-
spite decades of research. PMI estimations, like the biological
profile, can provide information that narrows down the list of
potential matches with missing person records. Accurate PMI
details also contribute to reconstructing events and timelines
that can inform forensic investigations and corroborate alibis
during the legal process. In addition to identification, PMI esti-
mations serve the bureaucratic, public health, and government
requirements for accurate reporting on death certificates and
in legal proceedings (Bird and Maiers 2018; Goad 2020). PMI
estimation is also included in the international guidelines for
death investigation procedures such as those found within the
Minnesota Protocol on the Investigation of Potentially Unlawful
Deaths published by the United Nations Human Rights
Commission (2017). These guidelines provide a list of minimum
requirements for investigations to make all reasonable steps to
determine time of death among a list of other critical elements,
such as identifying the victim(s), determining cause and man-
ner of death, and preserving evidence (United Nations Human
Rights Commission 2017, 7).

In addition to informing the legal process, accurate assess-
ments of the biological profile and the PMI serve a fundamen-
tal humanitarian need. A correct and timely identification of
an unknown individual restores their identity and can provide
families and friends of the decedent with information sur-
rounding their death as well as facilitate necessary proceedings
in mourning and subsequent funerary process. The impact of
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identification on a community functions beyond the bureau-
cratic level to alleviate “ambiguous loss,” or the complex grief
that often characterizes the experiences of those in search of a
missing friend or relative (Reineke 2019, 160). Ambiguous loss
is especially ubiquitous for those impacted by sociopolitical con-
flicts that have and continue to punctuate the globe (Gaggioli
2018; Reineke 2019).

On a local scale, the extent of the issue and the necessity for
forensic anthropological expertise is highlighted among the
active unidentified cases in America's National Missing and
Unidentified Persons System (NamUs). A NamUs search reports
that 11,282 of 15,064 unidentified individuals in the system are
facially unrecognizable (NamUs, October 2024). These uniden-
tified individuals, such as those that are severely injured or in
advanced states of decomposition, could benefit from further
anthropological analysis using retrospective casefiles to gener-
ate aspects of the biological profile and a PMI estimate, which
could potentially contribute to advancing a case or a positive
identification (Kimmerle 2014; Craig 2016; Goad 2020). While
current methods for estimating the PMI are limited in address-
ing this need, thoughtful, collaborative, and sustained research
may yet see that this goal is attained. Given the gravity of the
work that forensic anthropologists are involved with, it is para-
mount that forensic researchers in the academic sphere be cog-
nizant and responsive to the methodological needs within the
applied context.

A review of three decades of PMI estimation method litera-
ture involving human subjects demonstrates an impressive
advancement in innovative technology, but it is less clear if the
application of this research extends beyond the academy and
into practiced forensic anthropology. The heterogeneity of the
studies reviewed points to an increased interest in novel con-
ceptualizations for PMI research, however, the disparateness
and inconclusive results suggest it is time for critical reflection if
the unified goal, as most literature suggests, is to improve PMI
estimation techniques for forensic cases. It is no surprise that
many practitioners avoid PMI estimation altogether, especially
within medicolegal contexts, given the complexity of decom-
position and the plethora of experimental estimation methods.
Why, then, does human decomposition research continue as it
has, and why does there remain an absence of reliable, data-
driven PMI estimation methods after decades of research seek-
ing to address this question? This inquiry also stands in light
of nearly half a century of decomposition facilities intended to
advance knowledge regarding PMI estimation for criminal jus-
tice purposes.

Human decomposition facilities are undoubtedly at the center of
the expanding corpus of taphonomic decomposition research—
human or otherwise—witnessed across the globe today. These
facilities are well-positioned to provide rich insights into the
decomposition process while also maintaining consistency in
methodology given their active donor programs involving access
to full-body scientific donations and capacity for longitudinal
observations of individuals with known demographic informa-
tion including exact time since death. We have gained unprec-
edented insight into a variety of taphonomic factors including
damage patterns caused by local scavengers so as to not con-
flate postmortem taphonomic changes with perimortem injury

(Klippel and Synstelien 2007; Reeves 2009), and the impact of
specific environments on the decomposition process (Connor
et al. 2019; Ribéreau-Gayon et al. 2023). We are also gaining
awareness into the potential effects of various unexpected in-
trinsic factors on the decomposition process such as recreational
and therapeutic drugs, including those used in cancer treatment
(Steadman et al. 2023).

In addition to this ongoing research, decomposition research
facilities are an essential resource for training the future of the
discipline, as they are uniquely equipped to educate forensic
anthropology students and provide them with opportunities to
observe the decomposition process where the PMI is known and
for applied research relevant to medicolegal death investigations
including taphonomy and forensic archaeological recovery.
Decomposition facilities are also incredible resources for train-
ing the breadth of personnel (e.g., law enforcement, coroners,
and pathologists) involved in the recovery of the deceased and
subsequent investigatory process. This is particularly useful for
complex forensic cases that necessitate locating and recovering
individuals in clandestine burials or those in advanced states of
decomposition.

As it pertains to decomposition research, specifically, there
are limitations to translating what is learned from the con-
trolled decomposition facility environment directly to medico-
legal forensic cases. Practical considerations at decomposition
facilities require conditions that cannot reflect the complexi-
ties of medicolegal forensic work, such as body storage, depo-
sition site, clothing, and security parameters, among others
(Miles et al. 2020). For example, donors are frequently stored
in freezers or refrigerators for a period prior to outdoor place-
ment and observation. How this intervening period impacts
decomposition rates has not been fully explored and does not
reflect real medicolegal casework. Donors at decomposition
facilities are generally unclothed, sometimes autopsied, and
placed outdoors on the ground surface to decompose, which
also does not adequately mirror the breadth of situations
found in forensic casework.

Facilities often utilize various forms of cages to place over
a donor's body to deter scavenger activity that can damage or
disperse the remains, which clearly is not representative of
outdoor human decomposition encountered in medicolegal
death investigations. In addition to cages directly surrounding
the body, human decomposition facilities must be surrounded
by tall security fences for the privacy and protection of their
human donors. The extent to which this contributes to unnat-
ural scavenging patterns through prohibiting larger vertebrates
who cannot penetrate such a barrier, stands to be further ex-
plored. Additionally, the impact on the soil caused by repeated
decomposing events at outdoor facilities likely affects the rate
and pattern of decomposition in ways that stand to be further
investigated. For instance, Damann (2010) found that bacterial
communities and soil characteristics at the ARF significantly
differed from surrounding areas where no decomposition had
occurred. The capacity for controlled study at facilities has
created unprecedented opportunities for understanding the
nuances of the decomposition process, however, there are lim-
itations when translating this knowledge to applied medicolegal
contexts.
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While many studies in bioarchaeology and paleoanthropology
contend with small sample sizes due to the limited availability
within the archaeological record, observations of decomposition
are more accessible because human decomposition research fa-
cilities have active donor programs and the capacity for longitu-
dinal study both in the field and via retrospective photographs.
These retrospective photos are often the primary data collection
method for documenting the decomposition process and can be
used to increase sample sizes in published research. For exam-
ple, Nau et al. (2023) converted 1.5 million photographs from
more than 800 donors at the ARF to a web-based platform ti-
tled Image Cloud Platform for Use in Tagging and Research on
Decomposition (ICPUTRD) to promote PMI research utilizing
big data. The FARF at Texas State University reports similar
numbers of retrospective photographs from human donors, but
no similar database is available (Gocha et al. 2021). Millions of
images documenting longitudinal decomposition exist at facili-
ties, however, the mean sample size using full human body ob-
servations from them is only 22.3 (Table 3). The large datasets
accumulated at facilities should be curated in a form they may
be utilized, as exemplified by ICPUTRD (Nau et al. 2023, 2024a,
2024b), so that the field may begin to inform decomposition
questions using large, documented samples.

To illustrate the importance of sample size, Weisensee
et al. (2024) provide the results of a simulation study of a ma-
chine learning model for estimating the PMI to examine the im-
portance of sample size in decomposition research. The results
demonstrated that with their large dataset, sample sizes of less
than 500 subjects were unreliable, while error predictions pla-
teau around 2000 observations (Weisensee et al. 2024). A sec-
ond issue with small sample sizes is that validation of the results
is limited. When data are not validated on separate training
samples, the results will tend to overestimate the model perfor-
mance due to artificially overfitting results and are therefore
not generalizable (Collins et al. 2015). For example, the often-
cited TBS formula (Megyesi et al. 2005), reports an r*=0.8 but is
based on internal validation, which is an overestimation of the
model's performance. Large, representative samples are neces-
sary to create PMI estimation methods that accurately capture
the variation found in the decomposition process.

Additional issues with the existing trajectory of PMI research
include oversimplified methodology and conceptualization that
are not well designed to represent the variation found in the de-
composition process. First, stages of decomposition and scoring
systems imply that decay can be ordered sequentially along a
temporal continuum with no overlapping characteristics. This
framework does not reflect the nuanced reality that decompo-
sition variables can occur differently based upon myriad factors
including intrinsic individual characteristics, trauma, cloth-
ing, vertebrate activity, and the environment, among others. A
second difficulty is that within the scoring system framework,
each body region is scored using a single value that encompasses
multiple characteristics, and an individual body may not always
exhibit all the variables within a singular scored category. Some
researchers have noted it is unusual for all or even most charac-
teristics in a scoring category to be observed, thus the score is
ultimately a subjective “best fit” (Heaton et al. 2010, 303). The
final issue is that scoring systems record decomposition scores
for three regions of the body (head, trunk, limbs) and then sum

the scores into a single value. For instance, in the TBS method
(Megyesi et al. 2005), there are 33 possibilities for scores (3-35)
used in the prediction equation, but there are 1560 different pos-
sible combinations, and this nuance is lost in the summation.

Perhaps the most troubling component of the much cited,
often repeated TBS formula (Megyesi et al. 2005) is an endur-
ing calculation error from the original formula nearly 20years
after its publication as noted earlier (Moffatt et al. 2016; Smith
et al. 2023). The variation introduced by the formula error makes
it difficult to assess the accuracy of the TBS in later publications.
The original formula continues to be reprinted in forensic an-
thropology textbooks (Christensen et al. 2019, 167), although
at least two publications have underscored the error (Moffatt
et al. 2016; Smith et al. 2023). The persistence of unreliable PMI
estimation techniques despite their unreliability is puzzling and
suggests that established PMI methods should not continue to
be used in the absence of a critical evaluation of methodological
shortcomings.

An examination of the issues latent in modifying an existing
unreliable method seems to have gone relatively unexplored. In
addition to the widely used TBS method, the literature reviewed
here reveal at least five different decomposition scoring methods
(Table 2), some of which are intended to be applied in a very
specific environment (e.g., deserts, indoors, and water) (Connor
et al. 2019; Heaton et al. 2010; Ribéreau-Gayon et al. 2023). In ad-
dition to widely varying definitions of decomposition variables
among the literature, it is unclear how many different regionally
specific scoring systems would be necessary to provide PMI es-
timations across the breadth of Earth's environmental contexts
and how worthwhile it would be given consistently poor results.
The concept of improving PMI estimation through the develop-
ment of additional regional scoring formulae (Wescott, 2018a)
continues to endure despite serious methodological challenges
and a dearth of literature that contends with an increasingly un-
predictable global climate change that would render these for-
mulae obsolete (Strack and Smith 2023).

Decomposition stages have been a cornerstone of forensic an-
thropology for 130years, while scoring systems have endured
as a standard for nearly two decades. The scoring system ap-
proach for conceptualizing the decomposition process has yet
to offer consistently reliable PMI estimates, despite continued
regional modifications and testing. Perhaps this reckoning can
invite the discipline to rethink data collection instruments and
methodology used in macroscopic decomposition observations
and relegate stage descriptions to simple teaching tools for con-
ceptualizing the process, rather than an empirical solution for
providing precise PMI estimates capable of application within
medicolegal settings.

4 | Looking Forward

Forensic anthropologists remain interested in questions per-
taining to human decomposition and PMI estimation, as seen
through an expanding body of research spanning more than
half a century. Further inquiries into the topic stand to pro-
vide important insights going forward, particularly if the disci-
pline is prepared to critically reflect for the sake of necessary
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improvements. Forensic researchers must be aware of devel-
oping methods that can be adopted to positively impact real
humanitarian issues. This includes devising methods that are
accessible and useful to everyday practitioners assisting in fo-
rensic casework. We believe that improved research design that
incorporates the principles of Open Science, larger and more
representative samples, and innovative technology will play a
significant role in improving PMI estimation methods that can
be helpful within medicolegal and humanitarian settings. In
light of this focus, there are several ideas that may encourage
the field to move towards this collective goal.

Open and transparent data sharing is a critical component for
improving outcomes for PMI research. Open Science has been
proposed as a model to alleviate concerns about the inability
to reproduce published findings across scientific disciplines.
Although definitions of Open Science are plentiful, the con-
sensus is a focus on three components: data sharing and open-
access publishing, critical evaluation of statistical power, and
ensuring thorough documentation to allow for the replication of
results (Allen and Mehler 2019). In PMI studies, data are often
geographically, temporally, and contextually limited, therefore
data collaboration is necessary to advance methodologies and
create generalizable results. While many studies that examine
the PMI do not have sufficient sample sizes to make useful in-
ferences about the decomposition process, large datasets have
been accumulated at decomposition facilities, therefore we must
determine how to harness the data to increase statistical power.
Moreover, the field generally suffers from inadequate method-
ologies to ensure replication of results and too often results are
only reported in conference abstracts and graduate theses where
it is difficult to fully evaluate the research. Therefore, careful
consideration of both methodology and dissemination are nec-
essary for advancing research. As Mulligan et al. (2022) outline,
data sharing in biological anthropology is increasingly common
as federal funding agencies and academic journals frequently
require data generated to be made available in supporting ma-
terials or a data repository. Data sharing should be embraced
as part of sustained efforts to fulfill the ultimate goal of devis-
ing PMI methodology capable of informing medicolegal death
investigations.

Integrating novel approaches such as geospatial data can also
serve to advance the field. Geospatial technology can be lever-
aged to capture historic weather and environmental data that
can be integrated into predictive models (Weisensee et al. 2024;
Karydi et al. 2024). Most researchers examining PMI methods
have identified that variability in temperature, humidity, soil
composition, soil pH, vegetation, and environmental contexts
are significant factors in the decomposition process. Advances
in geospatial technology now allow for these variables to be
adopted into decomposition modeling with data available from
around the world. Geospatial datasets are continually updated
to allow for regionally specific understandings of decompo-
sition across a breadth of environmental contexts without the
researcher having to determine which specific PMI formula is
most appropriate for a particular geographic location. The in-
corporation of these databases into PMI models makes them
particularly adept at maintaining relevance in the future as the
climate continues to change. In addition, novel approaches and
innovations that could provide insights into the precise PMI of

skeletal remains would be particularly useful as they are cur-
rently absent in the field.

Finally, forensic research that incorporates data science tech-
niques including artificial intelligence, machine learning,
and Bayesian approaches has demonstrated promising poten-
tial for improving PMI estimates (Johnson et al. 2016; Metcalf
et al. 2017; Andersson et al. 2019; Nau et al. 2023, 2024a, 2024b;
Weisensee et al. 2024). Data science tools such as machine learn-
ing can be leveraged to harness large datasets capable of inter-
preting patterns of decomposition in order to derive reliable PMI
estimates with associated prediction intervals, while Bayesian
approaches can use expert knowledge to provide an interpreta-
ble model for how patterns of decomposition occur in relation to
the variety of intrinsic and extrinsic variables known to impact
the process.

Research on human decomposition has an extensive history
and endures as a prolific area of scientific inquiry. Ongoing re-
search demonstrates an increasing number of interdisciplinary
approaches dedicated to devising methods for estimating the
PMI in novel and innovative ways. Given the significance of
the question of time since death within medicolegal investiga-
tions and the clear interest of the scientific community, we are
hopeful that, through collective efforts, reliable PMI estimation
techniques useful for forensic casework will emerge in the com-
ing years.

Data Availability Statement

The data that supports the findings of this study are available in the
article itself.
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