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Abstract Medicolegal death time estimation must esti-

mate the time since death reliably. Reliability can only be

provided empirically by statistical analysis of errors in field

studies. Determining the time since death requires the

calculation of measurable data along a time-dependent

curve back to the starting point. Various methods are used

to estimate the time since death. The current gold standard

for death time estimation is a previously established

nomogram method based on the two-exponential model of

body cooling. Great experimental and practical achieve-

ments have been realized using this nomogram method. To

reduce the margin of error of the nomogram method, a

compound method was developed based on electrical and

mechanical excitability of skeletal muscle, pharmacologi-

cal excitability of the iris, rigor mortis, and postmortem

lividity. Further increasing the accuracy of death time

estimation involves the development of conditional prob-

ability distributions for death time estimation based on the

compound method. Although many studies have evaluated

chemical methods of death time estimation, such methods

play a marginal role in daily forensic practice. However,

increased precision of death time estimation has recently

been achieved by considering various influencing factors

(i.e., preexisting diseases, duration of terminal episode, and

ambient temperature). Putrefactive changes may be used

for death time estimation in water-immersed bodies. Fur-

thermore, recently developed technologies, such as H

magnetic resonance spectroscopy, can be used to quanti-

tatively study decompositional changes. This review

addresses the gold standard method of death time estima-

tion in forensic practice and promising technological and

scientific developments in the field.
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Introduction

Estimating the time of death is an important task in daily

forensic casework. Research addressing the time of death

should always be performed with this in mind. However,

many papers on this subject describe only the time

dependence of a postmortem analyte or parameter that has

no value in forensic practice.

The main principle behind determining the time of death

is calculation of data that can be measured back to the

starting point along a time-dependent curve. The charac-

teristics of the curve (e.g., the slope) and the starting point

(the time of death) are influenced by internal, external,

antemortem, and postmortem conditions (Fig. 1). Because

the starting point and the slope of the curve are influenced

by multiple factors (e.g., ambient temperature or local

temperature at the measurement site), the estimated time of

death is calculated as a period of time rather than a single

point in time [1–6].

Various parameters are currently used to estimate the

time of death (Table 1), including:

• Body cooling [7–26], postmortem lividity [27–30], and

radiocarbon dating [31], which are predominantly

physical processes;
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• Rigor mortis [32–43] and supravital reagibility of

skeletal muscle [44–50], which are physicochemical

processes;

• Putrefaction [51–56], which is mainly based on bacte-

rial processes;

• Chemical methods, which are based on metabolic

processes, autolysis, and diffusion according to the

concentration gradient [57–88]; and

• Entomology [89–92].

These methods for estimating the time of death are not

only different in nature but also in their scientific value,

their underlying scientific processes, and their methods of

data validation [4–6] (Table 2).

Some methods of estimating the time since death take

into account influencing factors such as ambient tempera-

ture and rely on extensive quantitative measurements with

mathematical descriptions of time changes. Clear data are

available on the precision of these methods for estimating

time since death, with precision being determined using

independent case material (e.g., body cooling). Some

alternative methods are based on a subjective grading of

postmortem change, while other methods are based solely

on empirical data (i.e., empirical knowledge; no controlled

longitudinal or cross-sectional studies) and not on statisti-

cally evaluated reference values.

Caseworkers must keep in mind the range of validity

among the various methods of estimating the time of death

with respect to the experimental background, study type,

influencing factors, and statistical evaluation. Of highest

evidential value are methods incorporating the following:

• longitudinal studies on well-characterized reference

samples;

• mathematical descriptions of postmortem changes;

• clear data on the precision of the estimated time of

death;

• high precision of the estimated time of death as proven

by independent control samples; and/or

• field studies on the applicability of the method in

practice.

These methods should replace other less reliable meth-

ods of estimating the time of death. Early forensic

pathologists were aware of the problems in death time

estimation. For instance, Van den Oever [93] wrote in a

review: ‘‘for about 30 years forensic scientists have tried

hard to solve this problem by developing a method that

would permit the determination of the exact time of death,

but the results of all these often very extensive studies

show clearly that the moment of death can only be fixed

within certain limits of probability.’’

Fig. 1 Main principle of

determination of time since

death (calculation from a

measured value along a curve

back to the initial value)

Table 1 Postmortem changes

used to estimate time since

death

Purely physical processes Body cooling, hypostasis

Metabolic processes Supravital reactions

Autolysis Loss of membrane permeability, diffusion

Physicochemical processes Rigor mortis

Bacterial processes Putrefaction
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Camps [94] concluded: ‘‘further, it must have a true

scientific backing both on an experimental and statistical

basis for otherwise the evidence might possibly be dan-

gerous to the interests of justice…I would suggest that our

aim should be to obtain a figure with as small a margin of

error as possible; in fact, I would say that it is better to

prove without contradiction that death could have occurred

at a time when a certain person was there, rather than it did

occur at some exact moment.’’

Objectives of time of death estimation

There are two approaches to estimating the time of death

[1]: (1) evaluation of antemortem changes, either physio-

logical or pathological, which can be detected in the body

and combined with conclusions from investigations by the

police (survival time); and (2) evaluation of postmortem

changes, which allows the investigator to draw a conclu-

sion about the time of death. The first approach comprises

methods such as wound age estimation or evaluations

based on gastric contents [95–100], which usually yield

only rough estimations of the time of death.

The second approach is more important. It comprises the

spectrum of methods based on progressive postmortem

changes, which are usually evaluated at the crime scene. If

the time of death and time of assault are not identical,

however, it is necessary to combine the two approaches to

gain an impression of how long the patient lived after the

injury and when death occurred after the assault.

Police further use non-scientific criminalistic or scene

markers, such as the dates on the most recent mail or

newspapers received by the individual or when the indi-

vidual was last seen alive by neighbors [79, 101]. Medical

estimation of the time of death at a crime scene is used for

different purposes [1, 101]. For example, it may be used to

give the police a preliminary idea of the time of an assault

(although it should be noted that the time of death gives

information on the time of assault only in cases with a short

survival period. The actual time must be established based

on autopsy findings); or to determine whether the time of

death is consistent with the alibi of a suspect. Only in rare

cases does the time of death play a major role in court

proceedings as the only evidence regarding the guilt of a

suspect. Precision is important in estimations of time of

death, but the reliability is even more important. A highly

precise but unreliable result may cause police investiga-

tions to be misled for a considerable time.

We offer here only a brief review on the methods used to

estimate the time of death; detailed explanations of individual

methods can be found in the literature [1, 4–6, 21, 101]. In

addition, several relevant historical reviews have been pub-

lished on the subject [60, 93, 94, 97, 102].

Death and dying

Death and dying are processes characterized by loss of

function and coordination of the major organ systems

(cardiovascular, respiratory, and nervous systems). Loss of

coordination among these systems involves dissociation of

the organs’ functions. The agonal period may be initiated

by disease or trauma. The final crisis results in vita minima

(state of apparent death), during which no vital signs are

apparent. Ultimately, the death of the individual is char-

acterized by irreversible cessation of circulation or respi-

ratory arrest (Fig. 2). Under special clinical conditions,

brain death may replace the classic signs of death (irre-

versible circulatory or respiratory arrest and their conse-

quences, i.e., postmortem lividity and rigor mortis). The

Table 2 Grading of methods of estimating time since death regarding mode of registration of postmortem change; description, influencing

factors; and calculation of confidence limits

1. Quantitative measurement: mathematical description, quantitatively taking influencing factors into account, declaration of precision, proof

of precision on independent material, field studies

Examples: body cooling (nomogram method); potassium concentration in vitreous humor

2. Subjective description (grading): consideration of influencing factors, declaration of precision, proof of precision on independent material

Example: supravital reactions

3. Subjective description of postmortem changes: influencing factors known ‘‘in principle,’’ empirical estimations instead of statistically

evaluated reference values

Examples: rigor mortis, lividity

4. Subjective description: analogous conclusions based on empiricism and assumptions instead of statistically evaluated reference values

Example: gastric contents

5. Subjective description: velocity of progression of postmortem changes entirely depending on ambient factors; no sound empirical

estimation possible because of the broad spectrum of ambient factors

Example: putrefaction
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duration of the agonal period may vary greatly. Ultra-rapid

agonal periods may be found after an explosion, with total

dismemberment of the body in milliseconds; short agonal

periods of some minutes’ duration are found with many

violent deaths and acute natural deaths; and long-term

episodes lasting hours to days are seen in terminal episodes

of long-lasting diseases (e.g., cancer). The duration of the

agonal period may be an important factor in the progres-

sion of postmortem changes [4, 6].

Supravitality

Irreversible circulatory or respiratory arrest is, in most

cases, the main criterion for death. Tissue metabolism,

however, does not cease immediately after death but con-

tinues for some hours [50, 103]. During the early post-

mortem period, the main energy-producing metabolic

processes are the creatine kinase reaction and anaerobic

glycolysis. During this period of intermediary life,

supravital reactions—defined as postmortem excitation-

induced reactions of tissues—can be examined. The dura-

tion of the supravital period is much longer than that of the

resuscitation period, a fact established based on physiology

and experimental surgery (Fig. 3). The resuscitation period

is the time of global ischemia, after which the ability to

recover expires. The supravital period that follows is

characterized by increasing irreversible structural and

functional damage. The resuscitation period for skeletal

muscle under normothermia lasts approximately 2–3 hours

postmortem (hpm), and supravital electrical excitability of

skeletal muscle may be preserved for up to 20 hpm. Some

supravital reactions are of great practical importance in

forensic medicine because they can be easily examined at

the crime scene and provide an immediate result regarding

the time elapsed since death. These reactions include

mechanical and electrical excitability of skeletal muscle

and pharmacologically induced excitability of the iris.

Mechanical excitability of muscle

The mechanical excitability of skeletal muscle is examined

by rigorously hitting a muscle with the back of a knife or

chisel (e.g., the biceps brachii muscle is hit at right angles

to the arm axis). Other muscles can also be examined, but

reference values for estimating the time of death are

available only for the biceps brachii muscle [43, 44, 50].

The muscle exhibits one of the following three reaction

patterns depending on the postmortem interval (PMI)

(Fig. 4). During the first phase of mechanical excitation,

the whole muscle contracts (propagated excitation). This

idiomuscular contraction is identical to Zsako’s muscle

phenomenon. The first degree of idiomuscular contraction,

propagated excitation, can be observed for as long as

1.5–2.5 hpm. During the second phase, a strong, typically

reversible idiomuscular pad develops. This phase may be

seen as for long as 4–5 hpm (Fig. 5). During the last phase,

a weak idiomuscular pad develops and may persist over a

longer period (up to 24 h). This can be observed for as long

as 8–12 hpm. If the idiomuscular pad is not visible, it

should be sought by palpation. Otherwise, a skin incision

may be necessary to demonstrate its presence.

Fig. 2 Scheme and terms of the

agonal period. The agonal

period is initiated either by

disease or trauma
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Electrical excitability of skeletal muscle

The first investigations on electrical excitability of skeletal

muscle were carried out at the end of the 18th century and

beginning of the 19th century. The results of these studies

indicated that the electrical excitability of skeletal muscle

could be recommended as a method for estimating the time

of death [97, 102]. Extensive investigations have also been

carried out to objectively assess muscular contraction

[45–47, 49]. For practical purposes, most investigations on

postmortem electrical excitability of skeletal muscle are

based on a verbal description and subjective grading of the

muscular response to excitation (i.e., the muscular con-

traction) according to the strength of the contraction and

the spread of movement to areas distant from the electrodes

[48–65].

Early PMI excitation leads to strong contraction of

muscles. The excitation then spreads to muscles distant

Fig. 3 Diagram of duration of

supravital period (bottom)

compared with resuscitation

period (top). The supravital

period after irreversible

circulatory arrest greatly

exceeds the duration of the

resuscitation period after

transient ischemia

Fig. 4 Three phases of idiomuscular contraction after mechanical

excitation of the muscle; frequency of a positive reaction (y-axis) over

the postmortem interval (x-axis)
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from the electrodes. The contraction weakens with an

increasing PMI, and the muscular response is confined to

the site of excitation. This reaction pattern can be seen to

some extent in all muscles. Finally, only fascicular

twitching or movement of the electrodes is visible. The

most extensive investigations have been carried out for the

orbicularis oculi muscle because movements of this muscle

are easily visible. For this measurement, puncture elec-

trodes are inserted 5–7 mm deep into the nasal part of the

upper eyelid and 15–20 mm apart from one another

(Fig. 6). The muscular response is graded into 6� intervals.
During the very early PMI (degree VI), the entire ipsilat-

eral muscle contracts. In degree V, only the upper and

lower eyelids and forehead muscles contract. With

increasing postmortem duration, the reaction becomes

confined to the site of excitation (Fig. 7; Table 3).

A small square wave generator producing constant-

current rectangular impulses of 30 mA (10-ms duration,

50-ms repetition rate) was used for stimulation (Fig. 8).

The mean grading values and 95 % confidence intervals

(CIs) for the degrees are presented in Fig. 7.

The 95 % CIs for 6� of electrical excitability of the

orbicularis oculi muscle have been proven reliable using

independent case material and in field studies. However, in

the presence of hematoma or emphysema of the eyelid,

electrical excitability may last much longer than that cor-

responding to the upper 95 % CI for the particular degree

(Table 3, last column). The same is true in cases of

hypothermia. In contrast, the duration of electrical

excitability is shorter in cases involving chronic diseases

with a long terminal period than in cases of sudden death

because glycogen, which is responsible for re-synthesis of

adenosine triphosphate, may have been depleted during life.

Other muscles can also be examined. Reliable reference

data are available for various muscles, including the

orbicularis oris muscle (Fig. 9). Additionally, the muscles

of the thenar and hypothenar eminences may react to

stimulation for as long as about 11 hpm.

Pharmacologically induced excitability of the iris

Compared with skeletal muscle, the smooth iris muscle is

irritable in response to electric and pharmacologic stimu-

lation for quite a long period. In some cases, excitability

created by subconjunctival injection of norepinephrine or

acetylcholine may be preserved up to 46 hpm (Table 4).

For practical purposes, pharmacologic excitation of the iris

after subconjunctival injection of drugs is recommended.

The drugs should not be injected into the anterior chamber

[65]. The diameter of the pupil should be recorded before

injection using a transparent, multidiameter pattern. About

0.5 ml of norepinephrine, tropicamide, atropine, or

acetylcholine solution should be injected. A positive

reaction is seen within 5–30 min and may be characterized

by either an increased diameter (e.g., atropine, tropicamide,

and norepinephrine) or a decreased diameter (e.g., acetyl-

choline). The reaction lasts at least 1 h. When no change is

visible after this time, the reaction is considered negative

(Table 4). It is sufficient to examine the pharmacologic

excitability of the iris with only one drug because exam-

ining a double reaction after injecting a mydriatricum

followed by a mioticum does not give further information

about the time of death.

Fig. 6 Position of electrodes for examining electrical excitability of

facial muscles

Fig. 5 Typical idiomuscular pad of the biceps brachii muscle
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Other supravital reactions include the response of sweat

glands upon injection of drugs, sperm motility, leukocyte

vitality, DNA incorporation, and postmortem blood clot-

ting. These supravital reactions, however, have no practical

relevance in forensic medicine.

Postmortem lividity

After irreversible circulatory arrest, lividity develops as the

earliest postmortem change. After circulatory arrest, the

hydrostatic pressure becomes the leading force within the

parallelogram of forces comprising blood pressure, struc-

tural barriers, tissue turgor, and the pressure of underlying

surfaces [1, 4, 6, 28]. Hypostasis is defined as the move-

ment of body fluids under the influence of gravity. All fluid

compartments are involved in hypostasis, including

intravascular and transcellular fluids. Influenced by gravity,

blood moves into the lowest parts of the vascular system; in

the supine position, it flows into the back, buttocks, thighs,

calves, and back of the neck. Irregular pink patches in the

face, especially the cheeks, during the agonal period are

caused by local stasis and are called Kirchhofrosen

(Table 5). Postmortem lividity visible in the skin is a

Fig. 7 Six degrees of positive reaction after stimulation of the orbicularis oculi muscle (see Table 3 also)
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consequence of the movement of blood into the capillaries

of the corium. Postmortem lividity may be visible

20–30 min postmortem, appearing during the early stages

as still pink patches that gradually coalesce with the

increasing PMI. Because of consumption of oxygen, the

pink color changes to dark pink or blue.

Of predominant criminalistic significance is the phe-

nomenon of disappearance of lividity on pressure and after

turning the body. During the early stages, lividity com-

pletely disappears upon soft thumb pressure. With

increasing PMI, the pressure required to cause disappear-

ance of lividity must increase as well. Later, lividity dis-

appears only incompletely with pressure and eventually

does not disappear at all.

If the body is turned during an early PMI, some or all of

the hypostasis may move downward to new areas. In a

comparatively later PMI, only some of the hypostasis

moves down into the new area, and only slight blanching is

noted in the original area (Fig. 10).

With increasing PMI, the disappearance of lividity on

thumb pressure and its relocation after shifting decreases

before ceasing completely. This is caused by an increasing

hemoconcentration of intravascular erythrocytes due to

transcapillary plasma extravasation (i.e., the fluid moves

from the blood, leaving behind the red blood cells, which

cannot move without the liquid). Intravascular hemocon-

centration is the main reason for the gradually decreasing

disappearance of lividity upon thumb pressure and after

shifting. In a comparatively later PMI, there is hemolysis

with hemoglobin diffusion into the perivasal tissue. This

phase, however, is only a secondary mechanism con-

tributing to the fixation of hypostasis.

The stepwise phases of hypostasis are: beginning, con-

fluence, maximum, disappearance on thumb pressure,

complete or incomplete disappearance after shifting, and

changing with time. No longitudinal studies on these

phases have been performed using large random samples,

and extant studies are of limited value. The best statistical

data available were summarized by Mallach [29] and

Mallach and Mittmeyer [30], who calculated mean values,

standard deviations, and 95 % CIs based on textbook

reports (Table 6). These data remain undisputed because

better data are unavailable. It should be noted, however,

that they do not represent absolute values. Investigations

with a quantitative measurement of livor mortis are not

currently considered of practical importance.

Definitions of these hypostasis phases are as follows.

• In the beginning mottled patches appear on the lower

parts of the body (e.g., the back of the neck in the

supine position).

• Confluence is identified by the presence of separate

areas of discoloration of moderate intensity.

Fig. 8 Square wave generator for defined muscle stimulation (e.g.,

facial muscles), enabling procurement of the data in Table 3 and

Fig. 7. Producer and supplier: Peschke J, http://home.t-online.de/

home/j-peschke/rztg1.htm

Table 3 Upper and lower confidence limits for the six degrees of electrical excitability in hours in different random samples

Degree Forensic pathology Clinical pathology Hematoma/emphysema of the eyelid

I Local upper eyelid 5–22 3–16 29 traumatic emphysema

27.3–52 postmortem emphysema

32 traumatic hematoma

II One- to two-thirds of upper eyelid 5–16 0–16

III Whole upper eyelid 3.5–13 1.5–9

IV Upper and lower eyelid 3–8 1–7

V Upper and lower eyelid ? forehead 2–7 1–7

VI Upper and lower eyelid ? forehead ? cheek 1–6 1–6

Forensic pathology: shorter terminal episode

Clinical pathology: longer terminal episode (shorter duration of electrical excitability than in cases of forensic pathology)
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• Maximum hypostasis is identified if hypostasis does not

increase during the crime scene investigation or at

autopsy.

• Thumb pressure is considered positive if lividity

disappears completely on light thumb pressure.

• Complete relocation is when all hypostasis shifts

downward to the new dependent areas (e.g., when a

body is turned from a face-down to a supine position at

the scene).

• Incomplete shifting is identified when hypostasis

remains in the former dependent areas but also shifts

to new dependent areas.

Rigor mortis

After primary flaccidity, the second postmortem change

and sign of death is rigor mortis, which develops in normal

ambient temperature at about 3–4 hpm. Rigor mortis was

misjudged as a sign of death up to the 19th century,

although Shakespeare (Romeo and Juliet, Act 4, Scene 1)

described all elements of rigor mortis very well: ‘‘Each

part, deprived of supple government, shall, stiff and stark

and cold, appear like death.’’

With irreversible circulatory arrest, all muscles of the

body become completely flaccid due to loss of tone. During

the early PMI, adenosine triphosphate, the chemical source

of energy, can be resynthesized via the creatine kinase

reaction and anaerobic glycolysis [32, 33]. Once the ade-

nosine triphosphate level has fallen to\85 % of the initial

value, actin and myosin filaments contract and the sub-

jective impression of stiffening of the muscle sets in

(Table 7). In practice, the development and state of rigor

mortis are proved subjectively by flexing a joint; either the

muscles are flaccid or, during development of rigor mortis,

resistance may be felt (Fig. 11). If rigor has fully devel-

oped, even a strong investigator cannot flex or stretch the

joint. The biochemical, physiologic, and mechanical

Fig. 9 Three degrees of positive reaction after stimulation of the orbicularis oris muscle

Table 4 Postmortem excitability of the iris after injection of differ-

ent drugs

Drug % Postmortem excitability (h)

Mydriatics

Norepinephrine/epinephrine 1 14–46

Tropicamide 0.25 5–30

Atropine/cyclopentolate 1/0.5 3–10

Miotics

Acetylcholine 5 14–46
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properties of rigor (including before and after rigor) are

summarized in Table 7.

Rigor must not be mistaken for cold stiffening. When

rigor is present, hypostasis must be present as well.

Hypostasis is absent in cases of cold stiffening (body core

temperature of 30–33 �C).
The development and state of rigor should be examined

in several joints (e.g., the mandibular, finger, knee, and

elbow joints) to determine if it is still progressing or has

already reached its maximum.

Rigor mortis does not start in all muscles simultane-

ously. Nysten’s rule (1881), that rigor starts in the

mandibular joint and then progresses to the muscles of the

trunk, lower extremities, and upper extremities, is usually

true when death occurs in the supine position. However,

rigor starts in the lower extremities when glycogen deple-

tion occurs in the lower extremities during agony [97].

Resolution of rigor mortis is due to protein degradation

with increased ammonia (NH3). Rigor does not start

simultaneously in muscle fibers, but progresses succes-

sively. This phenomenon can be used to establish a rough

estimate of the time of death. If some fibers have already

become stiff, the stiffness can still be broken by flexing a

joint; rigor then develops in other fibers that have not yet

stiffened. Depending on the time point at which the stiff-

ness is broken, rigor may develop again at a higher or

lower level unless it was already fully developed (Fig. 12).

This phenomenon of reestablishment of rigor mortis may

be seen for as long as 6–8 hpm or, at very low ambient

temperatures, for up to 12 hpm. More recent investigations

have claimed reestablishment of rigor mortis at a much

longer PMI, but the evidence they offer is not convincing,

and the investigations are not reliable [42].

Secondary flaccidity may become apparent at normal

ambient temperature after 2 days. At low ambient tem-

peratures, fully developed rigor mortis may be preserved

for C2 weeks. Cadaveric rigidity, cataleptic spasm, and

instantaneous rigor are phenomena mentioned in textbooks

but nonexistent in practice. No reported cases involving

these phenomena have stood up to criticism.

Rigor mortis is established in both skeletal and smooth

muscle (e.g., in skin). Rigidity of the smooth arrector pili

muscles appears as gooseflesh (cutis anserina).

Development, duration, and resolution of rigor mortis

depend on several factors, including the amount of glyco-

gen in the muscle at the moment of death and the ambient

temperature. Therefore, rigor may develop rapidly in per-

sons who die during or soon after physical exertion or

exhaustion, or from electrocution. All of the above-men-

tioned phases of rigor mortis (development, reestablish-

ment, full development, duration, and resolution) are time-

dependent. This became evident in one of the rare studies

of rigor mortis in the 19th century. Niderkorn, who deter-

mined the times necessary for completion of rigor mortis in

Table 5 Lividity: causes,

consequences, and phenomena

checked on the body

Lividity: causes, consequences and phenomena checked on the body

Cause Consequences Phenomenon

Decrease of force 
of myocardial 
contrac�on

Stasis “Kirchhofrosen”, local 
stasis with patchy 
discolora�on during 
agonal period due to 
centraliza�on of 
circula�on

Cardiac arrest, 
hydrosta�c 
pressure

Hypostasis Livores with a 
“shi�ing” quality and 
“disappearance on 
pressure”

Vascular 
permeability

Hemoconcentra�on Decrease of shi�ing 
and disappearance on 
pressure

Autolysis, 
putrefac�on

Diffusion of 
haemoglobin

No shi�ing, no 
disappearance on 
pressure
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113 bodies, found that it was fully established after

4–7 hpm in 76 bodies (67 %) and that rigidity was com-

plete within 2 hpm in 2 bodies and within 13 hpm in 2

bodies [2, 97].

Great inter-individual variability exists owing to

endogenous and exogenous factors. Longitudinal studies

on large random samples are lacking, although animal

experiments taking into account various factors influencing

the time course of rigor mortis have been performed.

Devices for objective measurement of rigor mortis have

been developed but are not yet practically important.

The best available data, despite all justified criticism, are

from Mallach [29] and Mallach and Mittmeyer [30], based

on a literature compilation of reports spanning 1811–1969,

with statistical analysis (Table 8). However, these values

cannot be claimed to be absolute. As for lividity, rigor

Table 6 Time course of different criteria of lividity

�x s 2 s Range of scatter Number of quotations

Lower limit Upper limit Lower limit Upper limit

Development � � – 2 � 3 17

Confluence 2� 1 � 4� 1 4 5

Greatest distension and intensity 9� 4 � � 18� 3 16 7

Displacement

1. Complete on thumb pressure 5� 6 – 17� 1 20 5

2. Incomplete on sharp pressure (forceps) 17 10 � – 37� 10 36 4

Displacement after turning the body

1. Complete 3� 1 2 5� 2 6 11

2. Incomplete 11 4� 2� 20 4 24 11

3. Only slight pallor 18� 8 2� 34� 10 30 7

Statistical calculations performed by Mallach [29] on textbook reports. The statistical calculations are not based on cross-sectional or longi-

tudinal studies but on empirical knowledge quoted in textbooks. �x = mean value; s = standard deviation

Fig. 10 Shifting of lividity

after turning the body
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mortis provides only a rough estimation, and no accuracy

can be expected. Rigor mortis should, thus, never be the

only criterion used.

In summary, rigor is examined by flexing or stretch-

ing the joints. Its beginning is established when slight

rigor is observed in some joints. Complete or maximum

development of rigor means that it has strongly devel-

oped in all joints. Reestablishment is present when rigor

is found again in a joint (mostly the elbow) some hours

after breaking the rigor. Rigor is usually broken during

the crime scene investigation and evaluated again at

autopsy.

Fig. 11 The lower leg is fixed against gravity because of rigor mortis (Fig. 12A). Objects like branches in the hand must not be mistaken for

instantaneous rigor mortis or cadaveric spasm

Table 8 Time course of different criteria of rigor mortis

Rigor state Average hpm and standard deviation Rage of scatter in hours (2 s) Number of quotations

Lower limit Upper limit

Beginning 3 ± 2 – 7 26

Maximum 8 ± 1 6 10 28

Duration 57 ± 14 29 85 27

Complete resolution 76 ± 32 12 140 27

Data are according to calculations by Mallach [29] based on textbook reports

hpm hours postmortem

Table 7 Overview of biochemical, mechanical, morphological, and physiological bases of rigor mortis

Delay period Establishment of rigor Rigor phase Postrigor phase, secondary

flaccidity

Biochemistry ATP level: 0.435 ± 0.555 mg/g muscle ATP level decreased to\85 %

of the original value

– NH3:

Mechanics – Stiffness :, plasticity first

increased, then decreased.

Contraction of loaded muscle

– Spontaneous elongation of

loaded muscle; plasticity

:

Morphology – Appearance of fine transverse

striations (bridging between

A and I filaments) with a

periodicity of 400 Å

Swelling and

destruction of

mitochondria and

sarcoplasmic

reticulum

Irreversible elongation of

muscle; decoupling of

myofilaments,

disintegration of

structure

Physiology Exponential decrease in membrane

potential: above -55 mV, propagated

excitation possible; below this level and

up to -30 mV, only local concentration

on excitation

– – –

ATP adenosine triphosphate
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Algor mortis

The postmortem decrease in body temperature is the result of

four activities: convection, conduction, radiation, and evap-

oration. Convection and conduction are the most important

factors among the four. The rate of cooling depends onvarious

conditions: ambient conditions (e.g., temperature, wind, rain,

and humidity); the weight of the body and mass/surface area

ratio; the posture of the body (extended or thighs flexed on the

abdomen); and the clothing/covering.

Various temperature probe sites, such as the surface

skin, axilla, liver, rectum, and brain, are used to determine

the body temperature [2, 3, 9, 10, 104]. For practical pur-

poses, only central core temperatures (e.g., rectum, brain)

are of value today [13–16]. Body cooling does not follow

Newton’s law of cooling. As early as the nineteenth cen-

tury, investigators using rectal temperature described a lag

time—the postmortem temperature plateau—before expo-

nential body cooling according to Newton’s law [102]

(Fig. 13). The temperature plateaus because central axial

temperatures cannot begin to decrease until a heat gradient

is established between the core and surface of the body.

This delay is variable and may last several hours [22].

A mathematical expression of rectal cooling after death

was published by Marshall and Hoare [26], who took into

account the whole sigmoidal shape of the cooling curve

[9, 22, 26]. They performed body-cooling experiments under

‘‘standard conditions of cooling,’’ which they defined as a

‘‘naked body with dry surfaces, lying extended on a thermi-

cally indifferent base, in still air.’’ Their mathematical model

of body cooling was expressed in a two-exponential term:

Q ¼ Tr � Ta

T0 � Ta
;

A� exp B � tð Þ þ 1 � Að Þ � exp�t;

where Q = standardized temperature, Tr = rectal temper-

ature at any time t, T0 = rectal temperature at death

(t = 0), Ta = ambient temperature, A = constant,

B = constant, and t = time of death. The second expo-

nential term is subtracted from Newton’s exponential term,

taking into account that while at first there is no tempera-

ture decrease, the temperature falls after the plateau phase.

This mathematical expression is valid for all central axial

temperatures and represents the ultimate success in mod-

eling body cooling for the purpose of estimating the time of

death. The exponential form with the constant B expresses

the exponential drop in temperature after the plateau

according to Newton’s law of cooling. The term with the

constant A as part of the exponent describes the post-

mortem temperature plateau. The experimental work that

led to identification of these constants is outlined in several

original papers and two monographs [1–3, 11–14, 22].

The nomogram method developed by Henssge

[13, 14, 22] is the gold standard for determining the time of

death. Empirically, it was found that the individual value of

B could be computed under chosen standard conditions of

cooling using the following equation:

B ¼ �1:2815 bw�0:625
� �

þ 0:0284;

where bw = body weight (kg). This equation reflects the

idea that body cooling after the temperature plateau is

mainly influenced by body weight. Values for the constant

Fig. 13 Sigmoidal shape of the cooling curve, which is best

described by Marshall and Hoares (two-exponential term). The

quotient Q ¼ Tr�Ta
T0�Ta

� �
is a good measure of the progress of cooling. If

this quotient Q is\0.3, only a minimum interval of the time since

death should be given. T0 = rectal temperature at death (T = 0),

Tr = rectal temperature at any time, Ta = ambient temperature

Fig. 12 Re-establishment of rigor mortis after breaking. The later

rigor is broken during its development, the lower will be its level after

re-establishment. If rigor is broken after it has already been fully

developed (F), it will not be re-established at all
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A could be empirically identified on the material studied

under standard conditions. The material described by De

Saram et al. [10] and re-evaluated by Henssge [13, 14, 22]

was stated as follows: A is 1.25 for ambient temperatures of

B23 �C and 1.11 for ambient temperatures of[23 �C.
The temperature at the time of death, To, is the third

constant of the formula established by Marshall and Hoare

[26]. A temperature of 37.2 �C is used for this constant.

With this empirical solution of Marshall and Hoare’s for-

mula, the time of death can be computed as follows:

Q ¼ TR � Ta

37:2� Ta
¼ 1:25� exp B� tð Þ � 0:25� exp 5� B� tð Þ

for ambient temperatures of B 23 �C or

Q ¼ TR � Ta

37:2� Ta
¼ 1:11� exp B� tð Þ � 0:11� exp 10� B� tð Þ

for ambient temperatures of[23 �C using computer pro-

grams developed by Henssge [13, 14, 22] or a nomogram

(Fig. 4).

The nomogram is valid for the chosen standard condi-

tions of cooling (naked body with dry surfaces, lying

extended on a thermally indifferent base, in still air).

Conditions that accelerate or delay body cooling compared

with standard conditions (e.g., lying in water; wind on one

hand, while the other hand is covered; wearing clothing)

reduce or increase the real body weight. Extensive cooling

experiments under various cooling conditions led to

empirically determined corrective factors for body weight

(Table 9). With these corrective factors, the nomogram can

be used for non-standard cases. The corrective factors

themselves are dependent on body weight (Table 10) in

cases of a low or high body weight under higher thermic

insulation conditions [11, 22]. Higher body weights require

the use of lower factors, and lower weights require higher

factors. The nomogram can also be used in cases of sudden

change in ambient temperature.

Application of the nomogram method in casework

requires that the following steps be taken:

1. Inspection of the crime scene, including body posture;

clothing; covering; exposure of the body to sunshine,

Table 9 Empirical corrective factors for body weight

Dry clothing/covering Air Corrective factor Wet through clothing/covering wet body surface In air In water

0.35 Naked Flowing

0.5 Naked Still

0.7 Naked Moving

0.7 1–2 thin layers Moving

Naked Moving 0.75

1–2 thin layers Moving 0.9 C2 thicker layers Moving

Naked Still 1.0

1–2 thin layers Still 1.1 2 thicker layers Still

2–3 thin layers 1.2 [2 thicker layers Still

1–2 thicker layers Moving or still 1.2

3–4 thin layers 1.3

More thin/thicker layers Without influence 1.4

…
Thick blanket 1.8

…
? 2.4

…
Clothing combined 2.8

The listed values for each corrective factor (c.f.) apply to bodies of average weight (reference, 70 kg; see Table 10) in an extended position on a

thermally indifferent supporting base

‘‘Thermally indifferent’’ supporting bases include usual floors of rooms, dry soil, lawn, and asphalt. In comparison, bases that appear more

thermally insulating/heat conducting should additionally be taken into account

Excessively thickly upholstered bases require a c.f. of 1.3 for naked bodies. For clothed bodies, the c.f. should be increased by 0.1 units (thickly

clothed) to 0.3 units (very thickly clothed)

Insulating but not excessively thickly upholstered bases such as a mattress (bed) or thick carpet require a c.f. of 1.1–1.2 for naked bodies

Bases that accelerate cooling, such as concrete or stony or tiled bases on ground, require a c.f. of up to 0.75 for naked bodies

For clothed bodies lying on bases, the c.f. should be reduced by 0.1 units (thicker clothes) or 0.2 units (very thin clothes)
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windows (e.g., are they closed or open?), radiators, and

floor (e.g., is it thermally indifferent?).

2. Measurement of ambient temperature (air) close to the

body and at the same level as the body (10–20 cm

above the base) and temperature of the underlying

surface; determination of whether thermic conditions

have changed since the body was found.

3. Single measurement of deep rectal temperature at the

scene using an officially calibrated electronic ther-

mometer with probes for measuring air, surface, and

rectal temperature. The deep rectal temperature must

be measured at least 8 cm within the anal sphincter.

4. Estimation of body weight; then at autopsy, determi-

nation of whether the estimation was correct.

5. Evaluation of corrective factors (i.e., are there any

conditions that could have accelerated or delayed

cooling compared with standard conditions?). For

rectal temperature, relevant factors are thermic condi-

tions of the lower trunk only, such as clothing/cover-

ing, resting or moving air, and type of supporting base.

In cases of strong insulating conditions and very high

or low body weight, a corrective factor must be applied

based on the body weight.

6. Use of the nomogram (Figs. 14, 15).

Several investigators (personal communication) have

noticed that if they use photocopies of Henssge’s nomo-

gram from different textbooks or different editions of the

same textbook, they obtain different results using the same

data, no matter how carefully the relevant lines were

drawn. Obviously, this error was caused by the way the

nomogram was typeset in the textbooks. Therefore, pho-

tocopies of the nomogram found in textbooks should not be

used in practical casework. The nomogram can be down-

loaded from the homepage of the Institute of Forensic

Medicine, University of Bonn (https://www.rechtsmedizin.

uni-bonn.de/dienstleistungen/for_Med/todeszeit/; last accessed

February 26, 2016). Alternatively, computer programs may

be used (e.g., www.amasoft.de/; last accessed February 26,

2016).

To use the nomogram, the points on the scales for rectal

and ambient temperature must be connected by a straight

line. This line crosses the diagonal at a particular point.

Draw a second straight line, going through the center of the

circle, from the bottom left of the nomogram and the

intersection of the first line and the diagonal. The second

line crosses the semicircles that represent body weights.

The time of death can be seen at the intersection of the

semicircle with the body weight. The second line touches a

segment of the outermost semicircle. Here, the permissible

variation of 95 % CI can be seen for standard cases or

cases using corrective factors. If the ambient temperature

or corrective factors are in question, the procedure should

be repeated with other appropriate values. If the chosen

ranges of ambient temperature and corrective factors are

wide, it is recommended that two values of time are used:

(1) the shortest time resulting from the combined lower

limits of the evaluated ranges of the body weight, ambient

temperature, and corrective factor; and (2) the longest time

resulting from the upper limits of the body weight, ambient

temperature, and corrective factor. The range of the time of

death can be determined in this way.

If the rectal temperature has nearly reached the ambient

temperature (Q\ 0.3), only aminimum interval of the time of

death should be given (mean value minus appropriate 95 %

CI). For temperatures of[23 �C, another nomogram devel-

oped based on the data reported by De Saram et al. [10] must

be used (Fig. 15). The only difference between this nomo-

gram and the nomogram for temperatures B23 �C is the rel-

ative duration of the postmortem temperature plateau (shorter

duration in higher ambient temperatures). The requirements

for use of this nomogram (Figs. 14, 15) are as follows:

• no strong radiation (e.g., sun, heater, cooling system);

Table 10 Dependence of corrective factors on body weight

Cooling conditions Real body weight (kg)

4 6 8 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Average range

1.3

Clothing, more layers 1.6 1.6 1.6 1.6 1.5 1.4 1.3 1.2 1.2 1.2

2.1 2.1 2.0 2.0 1.9 1.8 1.6 1.4 1.4 1.4 1.3 1.3

Bedspread 2.7 2.7 2.6 2.5 2.3 2.2 2.1 2.0 1.8 1.6 1.6 1.6 1.5 1.4 1.4

3.5 3.4 3.3 3.2 2.8 2.6 2.4 2.3 2.0 1.8 1.8 1.7 1.6 1.6 1.5 1.5

4.5 4.3 4.1 3.9 3.4 3.0 2.8 2.6 2.4 2.2 2.1 2.0 1.9 1.8 1.7 1.7 1.6 1.6

Clothing ? bedspread 5.7 5.3 5.0 4.8 4.0 3.5 3.2 2.9 2.7 2.4 2.3 2.2 2.1 1.9 1.9 1.8 1.7 1.6

7.1 6.6 6.2 5.8 4.7 4.0 3.6 3.2 2.9 2.6 2.5 2.3 2.2 2.1 2.0 1.9 1.8 1.7

Feather mattress 8.8 8.1 7.5 7.0 5.5 4.6 3.9 3.5 3.2 2.8 2.7 2.5 2.3 2.2 2.0 1.9 1.8 1.7

10.9 9.8 8.9 8.3 6.2 5.1 4.3 3.8 3.4 3.0 2.8 2.6 2.4 2.3 2.1 2.0 1.9 1.8
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• no strong fever or general hypothermia;

• the place of death must be the same as that where the

body was found;

• no uncertain severe changes in the cooling condi-

tions during the period between death and

examination;

• no high thermal conductivity of the surface underneath

the body; and

• no long terminal period after fatal injury (time of death

inconsistent with time of assault).

The accuracy of the nomogram method was compared

with that of police investigations in a multicenter study (76

cases) and a single-center study (72 cases) [7, 20, 22].

These were rare field studies on the accuracy of the pro-

posed methods. Both studies covered a wide range of

ambient temperatures, body weights, and corrective fac-

tors. The estimated time of death did not contradict the

established time of death in any of the cases. Especially in

the earlier stages, the police investigations were supported

effectively by the nomogram method.

Cooling conditions can be simulated using cooling

dummies [17, 18, 22]. Of all methods developed to esti-

mate the time of death, the nomogram method based on the

two exponential terms by Marshall and Hoare [26] is by far

the most successful and reliable. This is because the actual

cooling conditions could be taken into consideration

quantitatively, and data on the precision of the method are

available. Additionally, field studies have confirmed the

accuracy and reliability of the method.

Practical application of methods for estimating
time of death

Because no single method has been shown to produce

precise and accurate results, practitioners generally use a

combination of methods to derive an estimate. Of all the

methods used to estimate the time of death, the nomogram

method developed by Henssge [13, 14, 22], based on body

cooling after death, is the most intensively investigated and

the most precise and reliable. Therefore, it should be used

as the leading method in all cases if requirements are met.

Even in the most favorable cases, however, the resulting

time since death has an interval of ±2.8 hpm around the

mean value. Efforts should be made to narrow this range by

combining the temperature method with other methods

[19, 20, 23]. Methods that can be combined with the

nomogram method include the time-dependent criteria of

rigor mortis (beginning, maximum, reestablishment),

hypostasis (beginning, confluence, maximum, disappear-

ance on thumb pressure, complete/incomplete shifting),

electrical excitability of facial muscles (m. orbicularis oculi

with 6�, m. orbicularis oris), mechanical excitability of

skeletal muscle (idiomuscular pad), and the pharmacolog-

ically induced excitability of the iris. The question is how

to use the data of these time-dependent classic signs of

death and supravital reactions.

The mean value for any criterion of these classic methods

does not represent the time frame in which a positive reac-

tion occurs. For reliable estimations derived from these

criteria, only their upper or lower limits should be used

(Fig. 16). In Fig. 16 the mean values, 95 % CIs (electrical

excitability of the orbicularis oculi muscle), or variations

(lividity, mechanical excitability, rigor, chemical excitabil-

ity) of the criteria are arranged chronologically over the time

of death (x-axis) according to the increasingmean values. As

can be seen, the mean value does not represent the time

interval during which a positive reaction occurs. Therefore,

for reliable estimations derived from these criteria, only

the upper or lower CIs for these criteria should be used.

Figure 17 shows a chart with all the data for an acutal case,

including the signs of death and supravital reactions together

with the estimated time of death based on the nomogram.

The data are rearranged into a special chart that facilitates

selection of the most helpful criteria (Fig. 17).

For casework, estimating the time of death using the

nomogram method begins with taking temperatures and

choosing the appropriate corrective factor. Depending on

the range given by the nomogram method, specific criteria

are examined that are suitable for narrowing the upper and

lower margins provided by the temperature method. Using

this chart at the site of death guarantees that the exami-

nation of the body is efficient and comprehensive with

respect to estimation of the time of death.

An example is shown in Fig. 18. At the crime scene, the

examination began with measuring the rectal temperature.

Using the nomogram, the estimated time since death ran-

ged from 4.5 hpm (lower limit) to 10.1 hpm (upper limit).

The lower limit could be increased only by a value of

[4.5 hpm, and the upper limit could be reduced only with a

value of \10.1 hpm. The electrical excitability of facial

muscles showed a positive reaction according to degree IV,

which means that time since death was\8 hpm. Further-

more, rigor mortis was reestablished after it was broken,

which can be observed only up to 8 hpm. Therefore, the

upper limit of the estimated time since death (10.1 hpm)

could be reduced to 8 hpm.

When temperature methods cannot be used alone (e.g.,

hypothermia, fire in the building where the bodies were

found), valuable information on the time since death can be

obtained using this chart. In the case shown in Fig. 19, the

temperature-based-nomogram-method revealed an esti-

mated time since death of 8.8–14.3 hpm according to a

rectal temperature of 26.6 �C, ambient temperature of

10 �C, and body weight of 72 kg. Rigor mortis had not yet

started, and electrical excitability showed a full reaction
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Fig. 14 Temperature–time of death nomogram for ambient temper-

atures up to 23 �C. At the scene of a crime, for instance, a rectal

temperature of 27 �C at an ambient temperature of 15 �C was

measured. First, the points of the measured rectal temperature and

ambient temperature are joined by a straight line (yellow) that crosses

the diagonal of the nomogram at a specific point. A second straight

line is then drawn passing through the center of the circle (below left

of the nomogram) and the intersection of the first line and the

diagonal (red line). The second line crosses the semicircles for

different body weights. The time since death (in this case, for a 70-kg

body weight) can be read at the intersection of the semicircle of the

given body weight. The intersection gives the mean time since death,

and the intersection with the outer circle gives the 95 % limit of

confidence, which may be higher if corrective factors must be used
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Fig. 15 Temperature–time of death nomogram for ambient temperatures of[23 �C

468 Forensic Sci Med Pathol (2016) 12:451–485

123



(degree VI), resulting in an estimated time since death at

less than 6 or 7 hpm. These results were not in agreement.

Autopsy revealed hypothermia as the cause of death, and

the hypothermia-induced decrease in the body temperature

during life simulated the longer time since death. Thus,

body temperature must not be used to estimate the time

since death in cases of fatal hypothermia; instead, other

parameters give reliable results.

Our own experience using electrical excitability in

addition to the nomogram method revealed that, especially

during the time interval of 3–8 hpm, the combination of the

two methods resulted in a more precise time of death

estimate than either method alone (Fig. 20). Disparate

results between the estimated time of death derived from

the degree of electrical excitability and the nomogram may

indicate the need to delve further into special circum-

stances leading to death (e.g., hypothermia).

A recent field study using a combined method on 72

consecutive cases over a long-lasting PMI revealed that the

estimation of the time since death using the temperature

method was made more precise using non-temperature

methods in 49 cases. The degree of electrical excitability

was the most valuable additional method, but classic signs

may also improve the nomogram results. Even if the

temperature-based results are not made more precise, but

only confirmed by these means, the investigators’ confi-

dence in their opinions and statements regarding the time

of death may increase because they can base their expert

evidence on independent methods.

Biermann and Potente [105] and Potente [106] described

an interesting development using a combined method.

Their method was based on a conditional probability dis-

tribution that can be calculated if non-temperature-based

findings are taken into account. It ensures that the

probability inside the interval is 95.45 %. The method was

successfully applied to 54 cases and decreased the interval

by[15 %.

Additional methods

Potassium in vitreous humor

Most chemical methods of estimating time since death

measure concentration changes (increases or decreases) in

various fluid compartments. For example, autolysis results in

increased potassium and decreased sodium and chloride in

the extracellular fluid compartment. Some of these autolysis-

induced concentration changes are combined with changes

resulting from metabolic processes, such as increased

ammonia, lactic acid, and hypoxanthine or decreased glu-

cose.Metabolic and autolytic processes are influenced by the

temperature, disease, duration of the terminal phase before

death, and site and method of sample acquisition. The

resulting inter-individual variation is so great that the con-

centration changes are of no value in practice.

Autolysis proceeds more rapidly in blood than in cere-

brospinal fluid (CSF) and more slowly in vitreous humor

(VH) (because of its isolated and confined topography)

than in CSF. Thus, CSF and VH are the most extensively

studied fluid compartments (the speed and direction of

change in blood was recognized as being largely unpre-

dictable as much as six decades ago). Concentration gra-

dients after loss of selective membrane permeability

disappear in blood within a few hours after death, in CSF

within 15–20 hpm, and in VH after 120 hpm. Therefore,

VH is the main fluid compartment studied to investigate

late postmortem chemical changes.

Fig. 16 Mean values (black

bars) and variations of different

criteria depending on time of

death. Red lividity; blue

mechanical excitability of

skeletal muscle; yellow

electrical excitability; green

rigor mortis; orange

pharmacological excitability
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The postmortem increase in the potassium concentration

in VH, first described by Sturner [83] and further discussed

by Sturner and Gantner [84], is the most extensively studied

parameter for estimating the PMI (Table 11). Factors gov-

erning the postmortem rise of VH potassium (i.e., temper-

ature, chronic illness, and urea retention) and the range of

scatter are known and can be taken partly into consideration.

Data on the precision of the method are available. After the

original description by Sturner [83], subsequent authors

found a much wider range of scatter, especially when cases

with abnormal electrolytes prior to death were included.

Thus, various statistical parameters of the regression line

were described [57–68, 72, 77, 78, 87, 88]. The slope of

Sturner’s formula is one of the flattest reported in the liter-

ature. It should therefore be used only if the environmental

temperature during the PMI was close to refrigerator levels.

The slope increases with increasing ambient temperature, as

shown experimentally by Rognum et al. [80], Zilg et al. [87],

and Zilg [88]. When different formulas for estimating the

time of death are compared, reliable results are achieved

with the formulas described by Madea et al. [67, 68] and

Munoz et al. [77, 78] for climates in Central Europe.

Fig. 17 Integrating chart for casework at the scene of a crime
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Although there is a large amount of literature on the VH

potassium concentration, it is rarely used in practice or as

evidence in court cases. The formula developed by Zilg et al.

[87], taking into account the ambient temperature, may be

helpful to distinguish whether death occurred within the past

few (2–3) days or more than 1 week ago.

Urea as inner standard

A second factor, other than temperature, that determines the

increase and scatter of VH potassium is the patient’s state of

health or the presence of a chronic illness preceding death.

Potassium concentrations in individuals who have died after a

chronic illness aremuchmore erratic than those of individuals

who have died of acute trauma [63, 73]. Additionally, the

slopes of the potassium increases are much steeper in indi-

viduals with significant urea nitrogen retention ([100 mg/dl)

(Table 12). In an entire sample that included clinical and

forensic pathology cases, the 95 % CIs were ±34 h. By

eliminating cases with urea values of[100 mg/dl and, in a

second step, adding cases with a terminal episode of[6 h, the

95 % CIs could be reduced to±22 and ±20 h, respectively.

Fig. 18 Integrating chart for casework at the scene of a crime with an example
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The VH urea nitrogen concentration is therefore a

suitable indicator of disturbed homeostasis of electrolyte

metabolism and, depending on the urea values, the cor-

responding reference samples and formula can be chosen

to extrapolate the time of death with different 95 % CIs.

The correlation of the precision of death time estimation

with inner standards as critical levels of urea and/or

creatinine has been confirmed by independent authors

[60].

Dependent versus independent variables

Munoz et al. [78] recommended against using the PMI as

the independent variable and potassium as the dependent

variable. Instead, they suggested that potassium should be

the independent variable to estimate the PMI. In their

opinion, using the PMI as the independent variable leads

to false estimates. By changing the variables, a new

formula is obtained in which potassium is considered the

Fig. 19 Integrating chart with contradictory results of death time estimation based on body cooling (nomogram), rigor mortis, and electrical

excitability (case of fatal hypothermia)
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independent variable and the PMI is considered the

dependent variable, which makes the estimated time of

death more precise. This statistical approach led to a

more precise estimated time of death, which we con-

firmed on our own material. With potassium as the

independent variable, the accuracy of the estimated time

since death with 95 % CI was ±23.27 hpm (i.e., more

precise than ±25.96 hpm using potassium as the depen-

dent variable, with a time interval of up to 130 hpm).

The difference in precision, however, was not statistically

significant.

Loess procedure

Lange et al. [66] reanalyzed the data of six studies on the rise

of vitreous potassium comprising a total of 790 cases. This

reanalysis revealed that the relationship between VH

potassium and PMI is not completely linear and that the

residual variability of VH potassium as a function of PMI is

not constant. Therefore, they developed a new approach for

modeling VH potassium and PMI that accommodates non-

linearities and changing residual variability. First, a local

regressionmodel—specifically, a Loess smooth curve—was

Fig. 20 Combined application of the temperature-based nomogram

and the electrical excitability for determining the time since death. y-

axis: case numbers. Boxes death time estimation by the nomogram

method (lower and upper 95 % limits of confidence).[\: death time

estimation based on the degree of electrical excitability. For instance,

degree III positivity (Case 15) not only provides the information that

the time since death is \13 hpm but also indicates degree IV

negativity and therefore that the time since death is [3 hpm.

Especially during the time period from 3 to 8 hpm, combining

electrical excitability with the nomogram method allows more precise

death time estimation than using one method alone. The real time

since death is always within the calculated time since death
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fitted separately to the data from each of the six studies. The

data of all six studies were then combined to yield a single

Loess curve with 95 % CI (Fig. 21). The estimated Loess

curve and CI were then used in an inverse prediction method

to construct low, middle, and high PMI estimates at given

VH potassium concentrations (Table 13).

The reliability of the estimated PMI decreased with

increasing potassium concentration. According to the authors,

however, the PMI estimates weremore precise over the entire

range ofVHpotassium and PMI than those obtained from any

single study. For potassium concentrations of\7 mmol/l, the

extent of the lower and upper 95 % CIs was ±1 hpm. For

potassium concentrations of[7 but\12 mmol/l, the extent of

these confidence limits was ±2 hpm. For potassium con-

centrations of[12 and\18 mmol/l, the extent was ±3 hpm,

whereas that for[18 mmol/l was ±5 hpm. For concentra-

tions of[18 mmol/l, the extent was even greater. If these data

were reliable, no one would go to a crime scene to estimate

time of death—they would simply wait for the autopsy and

rely on the VH potassium concentrations.

Because of the much greater variability in the single

potassium concentrations of the included studies from the

single Loess curve with its 95 % CIs, the reliability of the

statistical evaluation remains unclear. In our own cases, we

Table 11 Equations for the increase in potassium in vitreous humor

Reference Equation (PMI given in h) N Max PMI (h) Comments

Adelson et al. [57] PMI = 5.88 [K?] - 31.53 209 21 –

Sturner and Gantner [84] PMI = 7.14 [K?] - 39.1 125 104 –

Hanson et al. [62] PMI = 5.88 [K?] - 47.1 203 310 –

Coe [60] PMI = 6.15 [K?] - 38.1 145 100 A separate equation was provided for a

PMI of\6 h

Stephens and Richards [82] PMI = 4.20 [K?] - 26.65 1427 35 Outliers, drownings, SIDS, electrolyte

imbalances, and temperature extremes

were excluded

Madea et al. [67] PMI = 5.26 [K?] - 30.9 107 130 Cases involving elevated urea and

prolonged agony were excluded

James et al. [63] PMI = 4.32 [K?] - 18.35 100 80 Also included hypoxanthine

Munoz et al. [77] PMI = 3.92 [K?] - 19.04 133 40 Only non-hospital cases were examined;

there was a change in variables

Zhou et al. [86] PMI = 5.88 [K?] - 32.71 62 27 –

Jashnani et al. [64] PMI = 1.076 [K?] - 2.81 120 50 Mostly included cases involving sepsis or

tuberculosis

Bortolotti et al. [59] PMI = 5.77 [K?] - 13.28 164 110 –

Mihailovic et al. [76] PMI = 2.749 [K?] - 11.98 32 30 Repetitive sampling

Siddamsetty et al. [81] PMI = 4.701 [K?] - 29.06 210 170 –

Zilg et al. [87]

PMI ¼
ln M�C

M�½Kþ�

� �

L0þmAAþmTT

462 409 No cases were excluded; the proposed

equation includes temperature and

patient age

PMI postmortem interval, SIDS sudden infant death syndrome

Table 12 Precision of time of

death estimation using vitreous

potassium concentration in

different random samples

Urea as inner standard

Entire sample Urea\ 100 mg/dl Change (%)

n 270 (170) 288 (138) -15.5

Intercept 6.10 (5.99) 6.02 (5.88) -1.3

Slope 0.20 (0.2033) 0.18 (0.1877) -10.0

Correlation coefficient 0.89 (0.86) 0.91 (0.89) ?2.2

Variance s2 8.57 5.09 -40.6

Standard deviation Syx 2.93 (3.42) 2.25 (2.62) -23.2

95 % limits of confidence (h) ±25.51 (± 34) ±21.78 (± 22) -14.6

Urea was used as the inner standard. Statistical parameters of the entire sample and subgroups are given.

The data in brackets are from Madea et al. [67]
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could not confirm the precision of the estimated time of

death based on this statistical approach, obtaining a high

rate of false estimations [72, 73]. Therefore, use of the data

in Table 13 is not recommended.

Multiple linear regression analysis

Multiple linear regression analysis uses, in addition to VH

potassium, other time-dependent changes in VH analytes

[73]. Using a multiple linear regression formula, a 95 % CI

of ±14.0 hpm could be achieved when taking potassium,

sodium, urea, and glucose into account compared with a

95 % CI of ±16.2 hpm using potassium alone on the same

sample. Therefore, it can be concluded that a slight

increase in the precision of the estimated time of death can

be achieved using multiple linear regression analysis.

Measuring VH analytes (potassium, NH4, Na, and Ba) by

capillary zone electrophoresis and taking all ions into

account results in an estimated time of death with five-fold

higher precision than that obtained using vitreous

potassium.

Hypoxanthine in VH

In addition to potassium, measurement of hypoxanthine

(Hx) concentration was proposed as a biochemical method

for estimating the PMI. A study by Rognum et al. [80]

revealed (1) a linear increase in the concentration of Hx in

VH during a PMI of up to 120 hpm; (2) dependence of the

slope of the increased VH Hx concentration on temperature

(the higher the ambient temperature, the steeper the slope);

(3) a strong correlation between the VH Hx and VH

potassium concentrations; and (4) a smaller range of scatter

of the VH Hx than VH potassium concentrations.

Further studies [69, 73] (Table 14), however, confirmed

the postmortem increase in the Hx concentration, but the

correlation of the potassium concentration with the time of

death was found to be much stronger than that of the Hx

concentration. Therefore, the estimated time of death was

more precise using VH potassium than using VH Hx. This is

because the postmortem rise ofVHpotassium ismainly due to

diffusion from the retina into the center of the globe, whereas

Hx is a postmortemdegradation product of adenine nucleotide

metabolism. Hx, formed by several enzymatic reactions, dif-

fuses along the concentration gradient. In theory, it might be

expected that a parameter such as a postmortem increase that

is solely due to diffusion would correlate more strongly with

the time of death than would a parameter that increases

because of vital/postmortem degradation and diffusion. The

higher precision of the time of death estimated by VH potas-

sium compared with that estimated by VH Hx also becomes

apparent from data published by Munoz et al. [78].

Synovial fluid

Synovial fluid is a thoroughly investigated fluid compart-

ment in rheumatology, and handbooks of joint fluid anal-

ysis are available. However, only a few studies of

Fig. 21 Estimated relationship

between vitreous potassium and

postmortem interval for six

studies, with 95 % lower and

upper confidence bands
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medicolegal interest regarding synovial fluid have dealt

with alcohol concentration, drug distribution, and post-

mortem chemistry with a focus on determining cause of

death. Our own study on postmortem biochemical exami-

nation of synovial fluid revealed that it can be used as a

postmortem examination tool [70]. The spread of values

was comparable in all examined electrolytes. Evaluation of

the data with regard to the time course over the postmortem

period was not useful except for glucose and potassium.

Especially, the changes in the potassium concentration over

time are nearly identical in synovial fluid and VH, which

may be of importance if VH is not available.

Decomposition: H magnetic resonance spectroscopy

When putrefactive changes are apparent, only a rough

estimation of the PMI is possible based on subjective

experience of the forensic pathologist, not by a scientific

method. About three decades ago, extensive experimental

work was carried out on protein degradation during

putrefaction of various organs (e.g., the brain by Bonte [52]

and Daldrup [108]). Daldrup proposed a method for cal-

culating the time of death based on amino acid concen-

trations in the brain. None of these methods, however,

gained practical relevance.

Methods developed in radiology, such as H magnetic

resonance spectroscopy (H MRS), have recently been

applied to identify metabolites emerging during decom-

position of brain tissue as a step toward quantitative

determination of the PMI during putrefaction. The leading

research group in this area is the collaborative group of the

Institute of Forensic Medicine and Department of Clinical

Research (MR Spectroscopy and Methodology) at the

University of Bern [53].

H MRS allows for in situ noninvasive chemical analysis

that can be performed using magnetic resonance imaging

equipment. Because brain tissue shows small interindi-

vidual metabolic variations and is protected from envi-

ronmental influences by the skull, decay and the

appearance of metabolites are expected to follow a repro-

ducible timeframe [53].

The authors in Bern studied eight sheep heads as a

model system supplemented by selected human cases. The

sheep heads were kept in a closed plastic container after

slaughter and stored at a constant temperature

(21� ± 3 �C) for 18 days. They were then studied daily for

up to 18 days postmortem. In addition, brain samples were

obtained at the end of the study and investigated by high-

resolution nuclear magnetic resonance to identify unknown

Table 13 Estimated values of postmortem interval for various

increasing potassium concentrations in the vitreous humor obtained

by combining all 790 cases and using the Loess procedure

Measured vitreous

potassium

concentration

(mml/l)

Estimated postmortem interval (h)

Lower 95 %

value

Mean

value

Upper 95 %

value

5.9 2 3 4

6.4 3 5 6

7.0 6 7 8

7.5 8 10 12

8.0 11 13 15

8.5 14 16 19

9.1 18 21 22

10.1 23 25 27

11.1 29 30 32

12.1 33 35 38

13.0 39 41 44

13.9 44 47 50

14.9 51 54 57

15.9 58 61 64

17.0 66 69 72

18.3 74 77 81

19.7 81 85 90

21.1 89 94 100

22.6 98 103 111

24.2 106 113 123

From Lange et al. [66]

Table 14 Formulae for

determining postmortem

interval (h) with hypoxanthine

(lmol/l)

Reference Equation obtained* Formula proposed

Rognum et al. [80] y = 4.2x ? 7.6 at 5 �c
y = 5.1x ? 7.6 at 10 �c
y = 6.2x ? 7.6 at 15 �c
y = 8.8x ? 7.6 at 23 �c

Madea et al. [73] y = 1.29x ? 3.69

James et al. [63] y = 3.2x - 0.15 PMI = 0.31 [Hx] ? 0.05

Munoz et al. [77] y = 3.01x ? 26.45 PMI = 7.14 [Hx] ? 0.17

* y is hypoxhanthine; Variable x is the postmortem interval (h)

Hx hypoxanthine; PMI postmortem interval
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metabolites. This method quantifies metabolite concentra-

tions as low as 1 mmol. Brain decomposition resulted in

reproducible changes in the concentrations of known

metabolites and the appearance of decay products that had

to be characterized first. In total, 30 metabolites were

identified and quantified in the decomposing brain tissue,

19 of which showed well-defined time courses (Fig. 22A).

For instance, the neuronal marker N-acetylaspartate

decreased rapidly after death and may serve as an indicator

for a time period of\70 hpm (Fig. 22B). Butyrate or pro-

pionate, thought to arise from bacterial metabolism, started

to increase after 30–50 hpm and exhibited unequivocal

function up to 400 hpm (Fig. 22C). Figure 22D compares

time predictions for every measurement of the series for five

metabolites (acetate, alanine, trimethylamine, butyrate, and

propionate), weighted according to their variances with true

times after death. The correlation coefficient of the pre-

dicted time versus true time was r = 0.93 for the whole

time period up to 300 hpm. Values are shown with an error

range of 2 standard deviations. Figure 22D shows that PMIs

of [250 hpm are systematically underestimated in this

model system.

As could be expected, comparison of the sheep brain

spectra with selected human postmortem cases shows the

same metabolites and the same characteristics of appear-

ance, thus validating the sheep model for postmortem

studies of the human brain (Fig. 22A). Another group

studied pig brains using the same technique, and similar

time courses for some analytes were described. The

investigations on postmortem decomposition by H MRS

may represent real progress in the field for the following

reasons: a noninvasive in situ chemical analysis is possible

with quantitation of analytes; longitudinal studies of post-

mortem changes with reproducible results are possible; the

sheep model seems to be valid for studying human brains;

influencing factors such as temperature can be easily

Fig. 22 A Human and sheep spectra measured a 2 days and b 7 days

postmortem. B Time course of a N-acetylaspartate (NA) and b Acetate

(Ace) concentration. C Concentration changes of butyrate over time

postmortem. D Correlation of predicted time versus actual time

(±2SD). Lac, lactate; TMA, trimethylammonium. A, B from Ith M,

Kreis R, Scheuerer E, Dirnhofer R, Boesch C, Using 1H-MR

spectroscopy in forensic medicine to estimate the postmortem

interval: a pilot study in an animal model and its application to

human brain. Proc Int Soc Magn Reson Med 2001; 9: 388; C and

D from Scheuerer E, Ith M, Dietrich D, Kreis R, Hueseler J, Dirnhofer

R, Boesch C. Statistical evaluation of time-dependent metabolite

concentrations: estimation of postmortem intervals based on in situ
1H-MRS of the brain. NMR Biomed 2005; 18: 163–172. These

figures were reproduced with the permission of the authors and the

International Society for Magnetic Resonance in Medicine
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studied in this model; the definition of analytic functions

for the time courses of 10 metabolites up to 400 hpm was

successful; prediction of the PMI based on the combination

of five metabolites correlates well with the true time since

death up to 250 hpm; and these metabolic changes cover a

PMI, whereas no other method allows quantitative calcu-

lation of time of death with any acceptable degree of

certainty.

Finally, this study shows that old problems in forensic

medicine, such as estimating the time of death, can benefit

from recent developments in modern imaging systems. It

must be considered, however, that the preliminary experi-

ments used isolated heads of animals, which were prepared

by closing the spinal canal with Plasticine (GP Flair PLC,

Cheam, UK), fixing it in a plastic holder, and storing it in a

plastic container or bag. Different results were obtained in

a study that compared metabolic changes in an isolated

whole head and the head of an intact animal [107, 108].

Gas bubbles that developed in the brain tissue after

6–7 days in the isolated animal head and after 4–5 days in

the head of the whole animal complicated the selection of a

voxel entirely within homogeneous brain tissue and

impaired spectroscopic measurements at longer PMIs.

Quite different results were revealed when investigating

metabolic alterations in the brain of the whole animal.

Spectra showed differences as early as 48 hpm, but dif-

ferences were especially apparent after longer PMIs. Sig-

nificant differences in metabolic alterations during

postmortem decomposition of the brain were demonstrated

between the animal model with isolated heads and the

intact animal. Decomposition in the intact animal appeared

faster and probably differently than in the isolated head

because of bacterial invasion from the gastrointestinal

tract; such bacteria can reach the brain within a few days in

a cadaver. Therefore, longitudinal studies on intact animals

at different ambient temperatures are necessary.

Gastric contents

Gastric contents alone allows only a rough estimation of

the interval between the last meal and death. The state of

digestion and the distribution of the last meal in the

stomach and upper intestine have long been proposed as a

method to estimate the time of death. For such estimation,

the volume of the stomach contents compared with the

volume of the last meal and transportation distance to the

small intestine must be known. Even if the volume of the

last meal is not known, the type of meal (i.e., breakfast,

lunch, or dinner) may allow rough estimation of the time of

day when death occurred. Gastric emptying has been

studied and quantified during the last few decades using

various methods, including radiology, intubation aspira-

tion, radioisotopes, ultrasonography, absorption kinetics of

orally administered solutes, and ferromagnetic traces

[95, 96].

Liquids leave the stomach much faster than solids.

Whereas gastric emptying of liquids follows an exponential

function, solids show a linear emptying pattern. The fol-

lowing gastric emptying times are given in the literature:

1–3 h for a light small-volume meal, 3–5 h for a medium-

sized meal, and 5–8 h for a large meal. It must be kept in

mind, however, that different anatomic and functional

disorders can cause either delayed or more rapid gastric

emptying (Table 15). According to Horowitz and Pounder

[96], only the solid compartment of a mixed solid and

liquid meal should be considered, and the weight of the

stomach contents should be compared with an estimated

weight of the last meal, with reference made to the known

Table 15 Etiology of delayed and rapid gastric emptying

(a) Transient delayed gastric emptying

Postoperative illness

Acute viral gastroenteritis

Hyperglycemia

Drugs: morphine, anticholinergics, levodopa, beta-adrenergic

agonists, nicotine

Stress: labyrinthine stimulation, cold, pain, pectin supplementation

(b) Chronic gastric stasis

Diabetes mellitus

Postsurgical truncal vagotomy with pyloroplasty and antrectomy

Gastroesophageal reflux

Anorexia nervosa

Progressive systemic sclerosis

Chronic idiopathic intestinal pseudo-obstruction

Amyloidosis

Myotonic dystrophy

Familial dysautonomia

Dermatomyositis

Tachygastria

Paraplegia

Idiopathic myocardial infarction

Acute abdomen

Laparotomy

Physiological: liquids, acid, lipids, left side position

(c) Rapid gastric emptying

After gastric surgery

Vagotomy

Antrectomy/subtotal gastrectomy

Zollinger–Ellison syndrome

Duodenal ulcer disease

Reserpine

Physiological: liquids, hunger

Modified according to Horowitz and Pounder [96] and Tröger et al.

[100]
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50 % emptying times for the solid components of meals of

various sizes.

Tröger et al. [100] compared the volume of the gastric

contents found at autopsy with the time and volume of the

last meals in an autopsy collection of 47 cases of sudden,

unexpected death. Cases were excluded if there was a brain

tumor, gastrointestinal tract surgery, intoxication, and/or

alcoholism. Gastric content (% of the volume of the last

meal) was plotted against the survival time. Only a gastric

volume of[10 g was considered. The regression line and

90 and 98 % CIs were calculated (Fig. 23). The authors

arrived at the following conclusions. If 50 % of the volume

of the last meal was found at autopsy, the last food intake

occurred about 3–4 h prior to death with a 98 % CI of

1–10 h. If 90 % of the last meal was found in the stomach,

the last ingestion took place probably within the last hour

prior to death with a 98 % CI of 3–4 h. However, condi-

tions for delayed or rapid gastric emptying must be kept in

mind (Table 15).

It is thus apparent that the factors affecting gastric

emptying are multiple and complex. Attempting to use the

state of digestion, rather than the quantity of food ingested,

to determine the time of death is fraught with uncertainty

[99].

Putrefaction

Putrefaction is a bacterial process predominantly influ-

enced by environmental factors, mainly ambient temper-

ature. Secondary factors include the presence of

underlying disease and the body size. Advanced stages of

putrefaction may be seen within a few hours after death,

although in moderate or cold climates putrefaction may

not appear for weeks. Even in relatively constant ambient

temperatures, the progression of putrefaction varies con-

siderably (Table 16). Recent H MRS investigations on

metabolites emerging during decomposition of brain tis-

sue have offered promising results, allowing even

decomposition to be used as a reliable method of esti-

mating the time of death. These longitudinal studies on

postmortem changes, however, are still at an experimental

level, and decomposition under various ambient temper-

atures must be studied. A weak point may be that

decomposition has been studied in isolated brains and

skulls, where invasion of bacteria from the gastrointesti-

nal tract is not possible. There is no sound approach to

using the stages of putrefaction, as shown in Table 16, to

estimate the time of death while the body is lying in air.

For bodies recovered from water, a reliable method for

estimating the minimum and maximum time in water has

been developed based on putrefactive changes that are

visible during the external examination or dissection of

the body. This is mainly because water temperature

remains relatively constant over a long period of time and

during day and night, whereas air temperature differs not

only from day to night but also from one day to another.

Table 16 Progression of putrefaction of bodies in air temperatures of

about 20 �C

After 1–2 days

Green discoloration of abdominal wall

Softening and decreased tension of eyeballs

After 3–5 days

Dark green discoloration of great parts of the abdominal wall

Some patchy green discoloration of the skin and other body

regions

Body fluid leaking out from mouth and nostrils

After 8–12 days

Whole body surface dark green

Face, neck, and thoracic wall partly reddish-green

Bloating of abdomen, scrotum, face

Fingernails still fixed

Hair loose, begins to peel

After 14–20 days

Whole body green or reddish brown

Bloating of whole body

Blisters, partly filled with putrefactive fluid, partly burst with

desiccation of the dermis

Eyes (iris, pupil, sclera) discolored reddish-brown

Fingernails peeling

According to Naeve [127]

Fig. 23 Relationship between gastric volume of a mixed meal in %

of ingested volume and time. With regression line and 90 and 98 %

limits of confidence. From Tröger et al. [100]
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Morphologic findings that are taken into consideration for

estimating the duration of immersion are as follows.

External findings:

1. Rigor mortis

2. Lividity

3. Marbling

4. Bloating of raw face, scrotum, subcutaneous tissue

5. Discoloration of skin (green, black, reddish)

6. Loss of epidermis

7. Loss of hair

8. Hands and feet:

a) ‘‘Washerwoman’s skin’’

b) Loosening of nails

c) Peeling of skin

d) Loss of nails

Internal findings:

1. Volume of transudate in the pleural cavity

2. Heart without blood

3. Liquefaction of the brain

The warmer the water, the sooner a definitive stage

of putrefaction occurs. The German forensic pathologist

Reh [109, 110] developed a chart with the minimum

time intervals of immersion based on the mean water

temperature for each month and the stages of decom-

position. Table 17 considers all 16 parameters for

estimating the minimum time of immersion. On the left

side are the useful criteria, followed by the months, the

mean water temperature, and the minimum interval in

days.

As many criteria as possible should be used to estimate

the minimum interval since death. The result becomes

more reliable when more than one or two criteria are used.

The mean water temperature nearest to the actual water

temperature at the time of recovery should be used to

estimate the minimum time interval. Not only can the

minimum time interval of immersion be estimated with this

material, but the maximum interval can also be determined

by considering criteria that have not yet developed. If

during the month of June there is marbling, bloating, and

discoloration of the body and the nails are loose but not

lost, it may be concluded that the interval of immersion was

[3 days but \8 days. Our personal experience with this

chart is quite good; it is effective because it takes the actual

temperature for the progression of putrefaction into con-

sideration [111–115].

Immunohistochemical detection of insulin,

thyroglobulin, and calcitonin

Although morphologic methods for estimating the time of

death are of no practical value in forensic medicine, at least

some studies on immunohistochemistry should be men-

tioned. Wehner et al. [116–120] studied whether the posi-

tive immunoreaction to various antigens such as insulin,

thyroglobulin, or calcitonin is correlated with the time of

death (Table 18). The theory behind these investigations is

that with an increasing PMI, the tertiary structure of the

antigen undergoes postmortem changes and becomes neg-

ative due to protein denaturation. Their results for thy-

roglobulin (Table 18) are as follows. The colloid and

follicular cells of the thyroid glands showed a positive

immunoreaction until 5 days postmortem, whereas these

cells in none of the cadavers showed such a reaction

beyond 13 days postmortem. Hence, a negative reaction

indicates that the individual has been dead for[6 days, and

a positive reaction indicates that the individual has been

dead for\12 days. Pancreatic beta cells from B12-day-old

cadavers produced a positive immunoreaction toward

insulin in all cases, whereas no cells from [30-day-old

cadavers showed such a reaction. These results indicate

that in the case of a negative immunoreaction, the time of

death can be assumed to be[12 days before the autopsy.

When there is a positive stain, the death must have

occurred B29 days earlier. Finally, in the above-mentioned

studies, calcitonin was always detectable in thyroid C cells

for up to 4 days. A negative staining result was always

observed in[13-day-old bodies.

Immunohistochemical detection of antigens allows only

a rough estimation of the time of death, which may be

helpful in single cases. However, these time limits may

change under different environmental conditions. Con-

trolled studies on independent case material are still lack-

ing. Our own preliminary results are promising [121].

Additionally, the data obtained by Wehner et al. [116–120]

could be confirmed [121].

Conclusions

Several other methods for estimating the time of death

using chemical methods should be addressed, including

enzyme activity in various tissues and organs, morphologic

changes, more VH and CSF analytes or other body tissues,

protein degradation, and RNA or micro-RNA degradation

[122–124]. Circadian patterns of gene expression have also

been examined as a means of estimating the time of death

(using circadian patterns as a biological clock) [125, 126].

All of these factors are of heuristic value for understanding

decomposition, but they are not of practical relevance.

For practical purposes, there has been no real break-

through in estimating the time of death by chemical

methods. This is mainly because of the underlying pro-

cesses (metabolic processes, autolysis, and putrefaction).

Postmortem changes can be quantified, however, with such
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novel methods as flow cytometry, capillary zone elec-

trophoresis, H MRS, and immunohistochemistry. Thus,

extrapolation to the time of death is possible. It should be

kept in mind, however, that the objective measurement of

postmortem changes contributes in only small part to a

more precise estimation of the time of death. Novel tech-

nology does not make the estimation by itself. Only when

long-term longitudinal studies of the influencing factors

(e.g., ambient temperature, local temperature at the site of

measurement) that affect all postmortem changes are taken

into account can the estimated time of death become more

precise. Novel technology such as H MRS offers an

excellent opportunity to study these factors.

It has become apparent that when examining the VH, we

must avoid the analytic methods that have been validated

for urine or serum. Methods optimized specifically for the

VH must be developed for precise measurements.

Field studies are good indicators of practical value. To

the best of our knowledge, however, field studies of

chemical methods for estimating the time of death are

almost completely missing in the literature compared, for

instance, with studies of body cooling or supravital reac-

tions. Thus, chemical methods appear to still be of aca-

demic interest only. Their importance may change in the

future, when all of the previously mentioned criteria are

fulfilled: quantitative measurement, mathematical descrip-

tions, taking into account influencing factors quantitatively,

declaration of precision, and proof of precision on inde-

pendent material.

Many good scientific papers with ingenious formulas for

estimating the time of death have been written. The aim of

estimating the time of death is, according to Camps [94], to

provide true scientific evidence and avoid miscarriage of

justice at all cost.

Sixty years ago, Camps [94] stated that in some people’s

minds, the time of death somewhat resembles the value

attributed to a lie detector. Estimating the time of death at the

scene of a crime is often not an exact science. The bestwe can

achieve is a reasoned guess by taking into account all known

Table 18 Immunohistochemical detection of insulin, thyroglobulin,

and calcitonin according to Wehner et al. [117–120]

Positive staining Negative staining

Insulin B12 days in all cases [30 days in all cases

Thyroglobulin B5 days in all cases [13 days in all cases

Calcitonin B4 days in all cases [13 days in all cases

Table 17 Estimation of minimum duration of immersion with various signs of putrefaction and maceration

Month Jan Feb Mar April May June July Aug Sept Oct Nov Dec

Median water temperature (�C) 3.5 3.9 5.8 9.9 13.0 17.4 18.6 18.6 17.3 13.2 8.8 4,7�
Marbling 32 25 16 (23) 9–10 4–5 2 1–2 2 3 4-5 10 17

Distension of tissues by gas 35 25 16 (23) 10 4–5 2–3 2 3 3–4 7 10 17

Discoloration of the body 35 25 16 (23) (14) 4–5 2 2 3 3–4 7 10 17

Peeling of the epidermis 35 25 16 (23) (16) 4–5 3 2 3 3–4 7 10 17

Hair loss 35 25 16 (23) 10–12 4–5 2–3 2–3 3 3–4 7 10 17

Hands: beginning of wrinkling (1) (1)

28–30

(12) (6) 2 2 (1)

Hands: Nails become loose [35 (40)

30–32

23 16 5 2-3 3 3 3-4 11 17 28

Hands: Peeling of skin in glove form 35 (45) 23 16 10 3 3 3-4 4 7 20 28

Hands: Nails lost [53 45 30 (40) 21 14 8 3 4 10 [11 20 [35

Feet: Beginning of wrinkling (1) (1) (12) (1) (6) 0.5 2 2 (1)

Feet: Nails become loose [53 40 26 (35) 17 10 5 3 4 8 12 17 28

Feet: Peeling of skin [53 60 35 16 10 5 3 5-6 8-9 [11 (14) 20 28

Feet: Nails lost [53 [60 53 [35 [28 [10 3 [10 [10 [11 [20 [35

Transudate in pleural cavity* 35 25 (40) 18 (35) 10 5 3-4 3 3 11 5 [20

Heart without blood [39 32–34 (40) 23 14–15 9 4 3 3 5 11 20 28

Brain liquefied 35 30 (40) (23) 14–16 5 3-4 3 3 6 10 17 28

Chart to estimate the minimum time interval of immersion. First line: month; second line: median water temperature for the month; left column:

signs of putrefaction and maceration; following columns: minimal time interval in days. Example: If marbling, distension of tissues by gas,

discoloration of the body, peeling of the epidermis, loosening of the fingernails and toenails, peeling of the skin of the hands and feet, and a

liquefied brain are observed in July, the minimum time interval of immersion would be about 2–3 days

*[500 ml in adults
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factors. Our aim should be to limit the margin of error

inherent in assessing the effects of these factors.

Progress in the field of death time estimation usually

requires long-term research and a strict study design

(Table 19). Research must focus for years on a special

problem arising from the basic idea to validate the method

over field studies to prove the accuracy and reliability of

the method.

Key Points

1. The main principle of determining the time since death

is calculation of measurable data along a time-depen-

dent curve back to the starting point.

2. Medicolegal death time estimation must estimate the

time since death reliably; reliability is the most

important principle and can only be derived empiri-

cally by statistical analysis of errors in field studies.

3. The different methods used to estimate time since

death vary greatly in nature.

4. The gold standard for estimating the time since death

in forensic practice in the early postmortem interval is

the nomogram method based on the two-exponential

formula of body cooling developed by Marshall and

Hoare [26].

5. Several methods, such as assessment of supravital

reactions, rigor mortis, and postmortem lividity (the

compound method), are used to increase the precision

of death time estimation. Chemical methods of

estimating the time since death may be of importance

in the future if influencing factors such as preexisting

diseases and ambient temperature (i.e., vitreous

potassium concentration) are taken into account or

new technologies (H magnetic resonance spec-

troscopy) are used to study putrefactive changes.

References

1. Henssge C, Madea B. Methoden zur Bestimmung der Todeszeit
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