
Abstract We examined the postmortem changes in the
levels of ATP, glycogen and lactic acid in two masticatory
muscles and three leg muscles of rats. The proportion of
fibre types of the muscles was determined with NIH im-
age software. The ATP levels in the white muscles did not
decrease up to 1 h after death, and the ATP levels 1 and 2
h after death in the white muscles were higher than those
in the red muscles with a single exception. The glycogen
level at death and 1 h after death and the lactic acid level
1 h after death in masticatory muscles were lower than in
the leg muscles. It is possible that the differences in the
proportion of muscle fibre types and in glycogen level in
muscles influences the postmortem change in ATP and
lactic acid, which would accelerate or retard rigor mortis
of the muscles.

Key words ATP · Glycogen · Muscle fibre types · Rigor 
mortis · Rat experiments

Introduction

Why rigor mortis progresses downwards from the jaw
[1–3] is unknown although it is one of the important post-
mortem changes [4–7]. We have previously reported post-
mortem changes in the levels of ATP, ADP, AMP and lac-
tic acid in five different rat muscles [8] and have shown
that the changes in ATP, ADP and lactic acid were not the
same in all the muscles. There was a greater decrease in
the ATP level 2 h after death in the masseter muscle com-
pared with the other muscles but the cause of this was not
studied.

The slow postmortem formation of ATP and the rapid
consumption of ATP cause the total decrease of ATP level

after death, resulting in rigor mortis. Concerning the for-
mation of ATP in muscles postmortem, oxidative phos-
phorylation is blocked by anoxia and ATP is formed ex-
clusively by glycolysis, following glycogenolysis. It is be-
lieved that glycogenolysis influences both the level of
ATP in a muscle postmortem and the progress of rigor
mortis in a muscle [3, 9]. Myosin adenosine triphos-
phatase (myosin ATPase) plays an important role in the
consumption of ATP in muscles postmortem.

Muscle fibres are not the same in all muscles and are
divided into several types mainly by enzyme histochem-
istry and each type has its own metabolic, morphological
and physiological features [10, 11]. Types I, IIA and IIB
are well known classifications that are distinguished by
the characteristics of their ATPase [12–14]. Type I fibres
contain relatively many mitochondria and large amounts
of myoglobin and perform oxidative phosphorylation to
form ATP [15–17]. Muscle fibres of type IIB contain rel-
atively more glycolytic enzymes and perform glycolysis
[18]. The type IIA fibre has the advantages of both types
I and IIB and performs both oxidative phosphorylation
and glycolysis. The activity of myosin ATPase in type II
fibres is higher than in type I [18] and this activity is as-
sociated with the speed of contraction of the fibre [19].
Rat muscles, which mainly consist of type I or IIA fibres,
have a reddish appearance due to their myoglobin content
(red muscle). Conversely, those consisting mainly of type
IIB fibres have a whitish appearance (white muscle).
Muscles consist of a mosaic of these types of fibres. The
proportion of different fibre types differs according to the
kind or part of the muscle [20–24] and it is well known
that the proportion can vary according to age and repeti-
tive exercise [25, 26].

It is possible that these differences in fibre types influ-
ence the formation and consumption of ATP in muscles
after death and the onset or advance of rigor mortis. In
this study, we selected the kinds or parts of muscle with
different proportions of fibre types and examined the
postmortem changes in ATP, glycogen and lactic acid lev-
els in these muscles. The relationship between these
changes, fibre types and rigor mortis is also discussed.
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Materials and methods

Muscle samples

For the experiment 40 male Sprague-Dawley rats, 9–10 months
old, were used. The animals were rested and fed ad libitum until
the start of the experiment, but they did not eat food at least 1 h be-
fore the experiment. They were anaesthetised with diethyl ether
and bled from the heart. The following five muscles were exam-
ined:

1. Masseter (MA) 
2. Temporalis (TE)
3. Red gastrocnemius (RG)
4. White gastrocnemius (WG)
5. Soleus (SO)

MA and TE are masticatory muscles and RG, WG and SO are
lower leg muscles. The RG and WG consisted of the deepest and
most superficial portions of the medial head, respectively [27].

The muscles of 20 rats were used for determining ATP and lac-
tic acid levels. The five muscles were removed immediately after
death from one side of each rat. Before a muscle was removed, the
skin on the muscle was removed and the muscle quickly cooled in
situ with liquid nitrogen to prevent contraction caused by removal
of the muscles. The middle portion of the muscle was completely
frozen with liquid nitrogen immediately after removal and pul-
verised (Cryo-press, Microtech Nition, Funabashi, Japan). The
concentrations of ATP and lactic acid in the powdered frozen tis-
sue were determined. Out of the 20 corpses 5 were placed in the
supine position at 33°C for 1 h and the same five muscles were
then removed without freezing from the unused side and prepared
as above. In a similar manner, muscles were taken from corpses at
2, 3 and 4 h after death and prepared.

The muscles of the other 20 rats were used for determining
glycogen levels and the proportion of muscle fibres. The muscle
was removed without freezing and cut in half. One piece was re-
served for determining glycogen, the other was prepared for a
frozen section. The muscles removed 1, 2, 4 and 8 h after death
were prepared to determine the concentration of glycogen in a sim-
ilar manner. The proportion of fibre types in the muscles was mea-
sured only immediately after death.

Histochemistry

The proportions of fibre types were examined in 20 sets of muscle
samples taken from the rats immediately after death. The block for
sectioning was prepared by the method used by Dawson and Ro-
manul [27]. Samples of two or three different muscles were re-
moved from each rat at the same time and placed next to each other.
The block was quickly frozen in isopentane cooled in liquid nitro-
gen and serial cross-sections 10 µm thick were cut in a cryostat.

The histochemical technique for detecting the ATPase reaction
was based on the method of Brooke and Kaiser, using the acid la-
bility of ATPase in type II fibres [12, 13, 28]. Following pre-incu-
bation at pH 4.35–4.45, muscle fibres were identified as type I,
IIA, or IIB by dark, light, and intermediate staining, respectively
[27]. The total area of each fibre type in the muscle was measured
semi-automatically by NIH image, an image analyser software
package.

Measurement of ATP, glycogen and lactic acid

The concentration of ATP in the muscle was determined by a UV
method using phosphoglycerate kinase [29]. The concentrations of
glycogen and lactic acid were determined by the methods of Lo et
al. [30] and of Livesley and Atkinson [31], respectively.

Statistical analysis

The number of muscle samples used to determine the concentra-
tions of the substances was 20 at the time of death and 5 for the
other times after death. The significance of differences for each of
the following was analysed by one-sample t test:

1. The differences in the ATP and glycogen levels in the same
type of muscle immediately after death and at each postmortem
time.

2. The differences in the ATP, glycogen and lactic acid levels in
two out of the five muscle samples at the same postmortem
time.

3. The differences in the ATP level as a percentage of the initial
level in two out of the five muscle samples. The ATP level as a
percentage of the initial level was also calculated for each mus-
cle of the same rat and for each postmortem interval.

Results

Fibre type

The average proportions containing each fibre type in the
five muscles are shown in Table 1. TE and WG were
white muscles in which type IIB fibres were dominant.
Type IIA and type I fibres dominated in MA and SO, re-
spectively and were red muscles. The average proportion
containing type IIB fibres in RG was less than 20%, so
RG was also regarded as a red muscle.

ATP

The average ATP level in each muscle for each post-
mortem time is shown in Fig.1 where open symbols show
the data for the white muscles. The following number 
corresponds to the number used in the statistical analysis
which showed the following results:

1. The ATP level decreased 1 h after death in MA, RG
and SO (P < 0.01) but did not significantly decrease in
TE and WG.

2. The ATP level at the time of death was lower in SO
than in the other muscles (P < 0.01), and was lower in
RG than in MA, TE and WG (P < 0.05). The ATP level
1 and 2 h after death was higher in TE or WG than in
MA, RG or SO (P < 0.05), except for the level in TE 

168 M. Kobayashi et al.: Sequence of onset of rigor mortis

Table 1 The proportion of 
fibre types (± standard devia-
tion)in masseter (MA), tempo-
ralis (TE), red gastrocnemius
(RG), white gastrocnemius
(WG) and soleus (SO) muscles
of male Sprague-Dawley rats
immediately after death

Fibre type Muscle

MA TE RG WG SO

Type I 0.0 ± 0.0 0.3 ± 0.7 38.2 ± 17.5 0.0 ± 0.0 82.4 ± 6.8
Type IIA 99.1 ± 2.8 6.7 ± 6.1 43.1 ± 16.1 0.1 ± 0.4 13.3 ± 5.9
Type IIB 0.9 ± 2.8 93.0 ± 6.5 18.8 ± 12.0 99.9 ± 0.4 4.3 ± 2.6



1 h after death, which was not higher than in MA. The
ATP level at death was much lower in SO than in the
other muscles (P < 0.01), and remained significantly
lower than in the other muscles except MA until 2 h af-
ter death (P < 0.05).

3. The data shown in Fig.2 is the ATP level as a percent-
age of the initial level in each muscle of the same rat
and for each postmortem interval. The percentage 1
and 2 h after death was higher in WG than in MA, RG
and SO (P < 0.05). The percentage 1 h after death was
higher in TE than in RG and SO (P < 0.05).

Lactic acid

The average lactic acid level in each muscle for each post-
mortem time is shown in Fig.3. The level in the muscles
at the time of death was not detected but in our previous
report [8] the lactic acid level at death was not zero, sug-
gesting an artefact caused by the contraction of muscle.
The muscles usually contract when removed at death, but
in this experiment the contraction was prevented by freez-
ing in situ.

The lactic acid level 1 h after death was different in
each muscle (P < 0.05), except that the level 1 h after
death in TE was not different from that in MA. The levels
3 and 4 h after death were higher in WG than in the other
muscles (P < 0.05).

Glycogen

The average glycogen level in each muscle for each post-
mortem time is shown in Fig.4.

The glycogen level decreased in all muscles 1 h after
death compared with the level at death (P < 0.01) except
that the level in TE did not decrease 1 h after death.

The glycogen level at death was much lower in MA or
TE than in RG, WG or SO (P < 0.01), and remained so
until 2 h after death (P < 0.05) except that the level 2 h af-
ter death in MA was not lower than in RG. The glycogen
level in SO was higher than in TE and RG from 0 to 8 h
after death (P < 0.05), and was higher than in MA and
WG 0, 1 and 2 h (P < 0.05), and 0, 4 and 8 h after death
(P < 0.05), respectively. The difference between the glyco-
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Fig.1 Average ATP levels at 0 (20 rats), 1, 2, 3, and 4 h (5 rats
each) after death in masseter (MA), temporal (TE), red gastrocne-
mius (RG), white gastrocnemius (WG), and soleus (SO) muscle of
male Sprague-Dawley rats

Fig.3 Average lactic acid levels at 0 (20 rats), 1, 2, 3, and 4 h (5
rats each) after death in temporal (TE), red gastrocnemius (RG),
white gastrocnemius (WG), and soleus (SO) muscle of male
Sprague-Dawley rats

Fig.2 Average ATP levels as percentage of the initial level at 1,
2, 3 and 4 h after death in five different muscles of five male
Sprague-Dawley rats

Fig.4 Average glycogen levels at 0 (20 rats), 1, 2, 4, and 8 h (5
rats each) after death in temporal (TE), red gastrocnemius (RG),
white gastrocnemius (WG), and soleus (SO) muscle of male
Sprague-Dawley rats



gen levels in RG and WG was not significant (P > 0.05)
except at 1 h after death (P < 0.05).

Discussion

The decrease of ATP level in each muscle differed signif-
icantly, as in our previous report [8]. The level of ATP had
not decreased 1 h after death in the white muscles, WG
and TE, in which type IIB fibres dominate. The ATP level
was higher in white muscles than in red muscles 1 and 2 h
after death, with a single exception. Although RG and
WG were portions of the same muscle, the difference in
change in ATP level between them was very remarkable.
Similarly, MA and TE were adjacent muscles, but the
change in ATP level was very different.

The ATP level at the time of death was lower in red
muscles than in white muscles which was previously re-
ported by Edström et al. [32].

Glycogen is the most important substrate for ATP for-
mation by glycolysis in postmortem muscles [3, 9, 33]
and the final product of glycolysis is lactic acid. Post-
mortem glycogenolysis in a single muscle has been stud-
ied in detail [34, 35] but never in different muscles. The
level of glycogen was lower at the time of death and 1 h
after death in masticatory muscles (MA and TE) than in
leg muscles. Moreover, the level of lactic acid was also
lower 1 h after death in these masticatory muscles than in
the leg muscles. This shows that ATP formation by gly-
colysis in the masticatory muscles was less than in the leg
muscles, which is a special characteristic of masticatory
muscles. Some characteristics of human masticatory mus-
cles are known [36–38] but a low glycogen content has
not yet been reported (although our experiment was on rat
muscles) and it was not known how much this character-
istic of the masticatory muscles affects the postmortem
change in ATP level. The difference in the ATP level be-
tween masticatory muscles and leg muscles was not sig-
nificant.

The relationship between postmortem glycogenolysis
and fibre type was reported previously [39], but the dif-
ference in the glycogen level between red and white mus-
cles was not significant. More studies are needed to iden-
tify what determines the difference in the change of the
ATP level between red and white muscles and in the
change of glycogen level between masticatory muscles
and leg muscles.

The activity of human myosin ATPase is lower in type
I fibre than in type II [18] however, the ATP level in the
postmortem muscles in which type I fibre was dominant
decreased more rapidly than in those in which type IIB fi-
bre was dominant. Thus it seems that there are other fac-
tors influencing the activity of ATPase in each fibre in
postmortem muscles.

Bendall showed that the onset of rigor mortis in rabbit
psoas muscles depended not only on the ATP level but
also the pH [40]. A large decrease in ATP level was
needed for the onset of rigor mortis in muscles where the
pH was comparatively low. The level of lactic acid was

linearly related to the fall in pH [41]. If Bendall’s theory
is correct for all muscles, the onset of rigor mortis will
need a marked decrease of ATP level in muscle in which
much lactic acid is formed after death. Conversely, a
smaller decrease in ATP level will cause rigor mortis in
the muscle in which postmortem lactic acid formation is
comparatively less.

In our experiment, the masticatory muscles had less
glycogen than the leg muscles and the level of lactic acid
1 h after death was also lower in the masticatory muscles
than in the leg muscles. Therefore, the pH 1 h after death
would be higher in the masticatory muscles than in the leg
muscles. In the masticatory muscles, rigor mortis might
start when the ATP level was higher than in the leg mus-
cles. The difference in pH among different muscles,
which is associated with the difference in glycogen level,
might be one of the causes of the sequence of rigor mor-
tis, although this was not examined in human muscles.

Our study showed the difference in the postmortem
changes in ATP level between red and white muscles of
rats. Rigor mortis would start earlier in the red muscles
than in the white muscles if the pH at onset of rigor mor-
tis was the same.

Rigor mortis is measured manually by attempting to
flex or extend each joint during autopsy. Many factors
such as exercise, cause of death, temperature and nourish-
ment affect the onset or progress of rigor mortis of the
whole body [9, 33, 42–44]. Concerning rigor mortis in
each joint, of course we have to consider that it is not just
one muscle that moves a joint. The onset or progress of
rigor mortis of each joint would be accelerated or retarded
by the dominant fibre type in the comparatively large or
dynamically influential muscle out of the muscle group
that moves the joint.

In conclusion, it is possible that the sequence of rigor
mortis depends on the difference in lactic acid level
among different muscles, which corresponds to the differ-
ence in glycogen level, as well as on the difference in
muscle fibre types.

Acknowledgements We wish to thank Drs S. Murayama and J.
Shimizu (Department of Neurology, Graduate School of Medicine,
University of Tokyo) for their expert advice on the histochemical
methodology for muscle.

References

1.Tidy CM (1973) Medicolegal contributions of historical inter-
est. The signs of death, second stage (B), the period of cadav-
eric rigidity (rigor mortis). Forensic Sci 2 :113–123

2.Di Maio DJ, Di Maio VJM (1993) Forensic pathology. CRC
Press, Boca Raton Ann Arbor London Tokyo

3.Knight B (1996) Forensic pathology. Arnold, London Sydney
Auckland

4.Hirvonen J, Huttunen P (1996) Postmortem changes in serum
noradrenaline and adrenaline concentrations in rabbit and hu-
man cadavers. Int J Legal Med 109 :143–146

5.Betz P, Nerlich A, Tübel J, Wiest I, Hausmann R (1997) De-
tection of cell death in human skin wounds of various ages by
an in situ end labeling of nuclear DNA fragments. Int J Legal
Med 110 :240–243

170 M. Kobayashi et al.: Sequence of onset of rigor mortis



6.Dreßler J, Bachmann L, Kasper M, Hauck JG, Müller E (1997)
Time dependence of the expression of ICAM-1 (CD 54) in hu-
man skin wounds. Int J Legal Med 110 :299–304

7.Hausmann R, Nerlich A, Betz P (1998) The time-related ex-
pression of p53 protein in human skin wounds – a quantitative
immunohistochemical analysis. Int J Legal Med 111 :169–172

8.Kobayashi M, Takatori T, Iwadate K, Nakajima M (1996) Re-
consideration of the sequence of rigor mortis through post-
mortem changes in adenosine nucleotides and lactic acid in dif-
ferent rat muscles. Forensic Sci Int 82 :243–253

9.Bate-Smith EC, Bendall JR (1949) Factors determining the
time course of rigor mortis. J Physiol 110 :47–65

10.Carpenter S, Karpati G (1984) Pathology of skeletal muscle.
Churchill Livingstone, New York

11.Gauthier GF (1986) Skeletal muscle fiber types. In: Engel AG,
Banker BQ (eds) Myology. McGraw-Hill, New York, pp 255–
283

12.Brooke MH, Kaiser KK (1969) Three “myosin adenosine
triphosphatase” systems: the nature of their pH lability and
sulfhydryl dependence. J Histochem Cytochem 18 :670–672

13.Brooke MH, Kaiser KK (1970) Muscle fiber types: how many
and what kind? Arch Neurol 23 :369–379

14.Engel WK (1974) Fiber-type nomenclature of human skeletal
muscle for histochemical purposes. Neurology 24 :344–348

15.Wroblewski R, Jansson E (1975) Fine structure of single fibres
of human skeletal muscle. Cell Tissue Res 161 :471–476

16.Cullen MJ, Weightman D (1975) The ultrastructure of normal
human muscle in relation to fibre type. J Neurol Sci 25 :43–56

17. Jansson E, Sylvén C (1983) Myoglobin concentration in single
type I and type II muscle fibres in man. Histochemistry 78 :
121–124

18.Essén B, Jansson E, Henriksson J, Taylor AW, Saltin B (1975)
Metabolic characteristics of fibre types in human skeletal mus-
cle. Acta Physiol Scand 95 :153–165

19.Kugelberg E (1973) Histochemical composition, contraction
speed and fatiguability of rat soleus motor units. J Neurol Sci
20 :177–198

20. Jennekens FGI, Tomlinson BE, Walton JN (1971) Data on the
distribution of fibre types in five human limb muscles. An au-
topsy study. J Neurol Sci 14 :245–257

21. James NT (1971) The distribution of muscle fibre types in fas-
ciculi and their analysis. J Anat 110 :335–342

22. Johnson MA, Polgar J, Weightman D, Appleton D (1973) Data
on the distribution of fibre types in thirty-six human muscles.
An autopsy study. J Neurol Sci 18 :111–129

23.Lexell J, Downham D, Sjöström M (1983) Distribution of dif-
ferent fibre types in human skeletal muscles. A statistical and
computational model for the study of fibre type grouping and
early diagnosis of skeletal muscle fibre denervation and rein-
nervation. J Neurol Sci 61 :301–314

24.Lexell J, Downham D, Sjöström M (1984) Distribution of dif-
ferent fibre types in human skeletal muscles. A statistical and
computational study of the fibre type arrangement in m. vastus
lateralis of young, healthy males. J Neurol Sci 65 :353–365

25.Edgerton VR, Gerchman LR, Carrow R (1969) Histochemical
changes in rat skeletal muscle after exercise. Exp Neurol 24 :
110–123

26.Larsson L, Sjödin B, Karlsson J (1978) Histochemical and bio-
chemical changes in human skeletal muscle with age in seden-
tary males, age 22–65 years. Acta Physiol Scand 103 :31–39

27.Dawson DW, Romanul FCA (1964) Enzymes in muscle II.
Histochemical and quantitative studies. Arch Neurol 11 :369–
378

28.Brooke MH, Kaiser KK (1969) Some comments on the histo-
chemical characterization of muscle adenosine triphosphatase.
J Histochem Cytochem 17 :431–432

29. Jaworek D, Welsch J (1986) Adenosine 5′-triphosphate, UV-
method with phosphoglycerate kinase. In: Bergmeyer HU (ed)
Methods of enzymatic analysis, 3rd edn., Vol. VII. VCH Ver-
lagsgesellschaft mbH, Weinheim, pp 340–346

30.Lo S, Russell JC, Taylor AW (1970) Determination of glyco-
gen in small tissue samples. J Appl Physiol 28 :234–236

31.Livesley B, Atkinson L (1974) Accurate quantitative estima-
tion of lactate in whole blood. Clin Chem 20 :1478

32.Edström L, Hultman E, Sahlin K, Sjöholm H (1982) The con-
tents of high-energy phosphates in different fibre types in
skeletal muscles from rat, guinea-pig and man. J Physiol 332 :
47–58

33.Hoet JP, Marks HP (1926) Observation on the onset of rigor
mortis. Proc R Soc Lond B Biol Sci 100 :72–86

34.Doering G, Korinth E, Schmidt O (1962) Post-mortem glyco-
genolysis in muscle. Its influence on ATP-level and rigor mor-
tis. J Forensic Med 9 :106–116

35.Calder PC, Geddes R (1990) Post mortem glycogenolysis is a
combination of phosphorolysis and hydrolysis. Int J Biochem
22 :847–856

36.Ringqvist M (1974) Size and distribution of histochemical fibre
types in masseter muscle of adults with different states of oc-
clusion. J Neurol Sci 22 :429–438

37.Vignon C, Pellissier JF, Serratrice G (1980) Further histochem-
ical studies on masticatory muscles. J Neurol Sci 45 :157–176

38.Ringqvist M, Ringqvist I, Eriksson PO, Thornell L-E (1982)
Histochemical fibre-type profile in the human masseter muscle.
J Neurol Sci 53 :273–282

39.Swatland HJ (1977) Cytophotometry of post mortem
glycogenolysis in different histochemical types of muscle fi-
bres of the pig. Histochem J 9 :163–170

40.Bendall JR (1951) The shortening of rabbit muscles during
rigor mortis: its relation to the breakdown of adenosine tri-
phosphate and creatine phosphate and to muscular contraction.
J Physiol 114 :71–88

41.Newbold RP, Scopes RK (1967) Post-mortem glycolysis in ox
skeletal muscle. Effect of temperature on the concentrations of
glycolytic intermediates and cofactors. Biochem J 105 :127–
136

42.Krompecher T, Fryc O (1978) Experimental evaluation of rigor
mortis. IV. Change in strength and evolution of rigor mortis in
the case of physical exercise preceding death. Forensic Sci Int
12 :103–107

43.Krompecher T (1981) Experimental evaluation of rigor mortis.
V. Effect of various temperatures on the evolution of rigor
mortis. Forensic Sci Int 17 :19–26

44.Krompecher T, Bergerioux C, Brandt-Casadevall C, Gujer H-R
(1983) Experimental evaluation of rigor mortis. VI. Effect of
various causes of death on the evolution of rigor mortis. Foren-
sic Sci Int 22 :1–9

M. Kobayashi et al.: Sequence of onset of rigor mortis 171


