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Abstract Iso-a-acids (IAA) and reduced IAA can be

used as beer-specific ingredient congeners to confirm beer

consumption when detected in blood and other specimens

using a UHPLC–MS/MS method. Recent analysis of

postmortem casework demonstrated a high prevalence of

beer consumption and the possibility of providing the

source of alcohol in forensic casework. Research outlined

in this manuscript has examined the degree to which the

interval after death and quality of blood affects the con-

centration of IAA in postmortem cases. Postmortem whole

blood and serum were analyzed in cases where natural

or reduced IAA groups were detected. The trans-IAA,

cis-IAA, and tetrahydro-IAA (TIAA) groups were subject

to postmortem redistribution, although only weakly asso-

ciated with the length of time from death to collection of

specimens. Serum had threefold higher concentrations than

blood for trans-IAA, cis-IAA, and TIAA. These studies

confirm that although postmortem concentrations cannot be

easily compared to concentrations found in living persons

the presented findings do provide some understanding to

assist in interpretation where the confirmation of beer

consumption is required in forensic casework.
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Introduction

Alcohol consumption results in a significant increase in

deaths, hospitalizations, and alcohol-related crimes and is

reflected domestically with the recent findings that spot-

light the dangers of alcohol-fueled violence [1, 2]. Beer is

the most commonly consumed alcoholic beverage and third

most consumed beverage overall, following water and tea;

responsible for approximately 4.7 L of pure alcohol

ingested per capita in Australia annually [3, 4].

Iso-a-acids (IAA) and three structurally similar but

chemically-altered IAA known as reduced IAA provide the

bitter properties in beer. However they can also be used as

beer-specific ingredient congeners to confirm beer consump-

tion. In the laboratory, a protein precipitation extraction and

ESI–UHPLC–MS/MS method was developed and validated

for the detection of these compounds in blood [5]. The long-

term stabilities of these analytes in stored blood specimens

was assessed over 8 weeks with freezing (-20 �C) and

refrigeration (4 �C) conditions determined as acceptable [6].

The analysis of the blood and urine from volunteers con-

suming a range of brown and clear bottled beers in small

amounts in controlled drinking studies demonstrated suc-

cessful bioavailability of these compounds [7, 8]. Additional

pharmacokinetic data demonstrated small inter-variable dif-

ferences in concentration–time profile, absorption occurring

within an hour, and half-lives ranging between approximately

30–46 min.

Recently this methodology was applied to the human

tissue from forensic postmortem cases to determine the

ability to detect natural IAA and reduced IAA groups and

ultimately to demonstrate the prevalence of beer con-

sumption [9]. Nearly 90 % of all cases that had ‘‘beer’’

mentioned in the circumstances or autopsy report of the

cases, contained an IAA beer marker. It was further shown
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in a separate cohort that 57 % of cases that had no mention

of beer ingestion but contained a positive alcohol concen-

tration also demonstrated beer consumption prior to death.

Such data demonstrates the high prevalence of beer con-

sumption in Australia, in agreement with market data from

the alcohol industry [3, 4].

Further investigation of postmortem casework is nec-

essary in order to obtain information such as postmortem

redistribution (PMR) and the comparison between serum

and whole blood concentrations. This study aims to

examine such postmortem phenomena to provide the rel-

evant toxicology data required in order to interpret and

confirm beer consumption when IAA type compounds are

detected in casework.

Materials and methods

Case and specimen selection

The Victorian Institute of Forensic Medicine performs med-

ico-legal investigations of deceased cases reported to the

Coroners Court of Victoria. The toxicology laboratory within

the Institute receives specimens on admission of the body to

the mortuary (generally femoral whole blood and serum) and

also following an autopsy when it is conducted with a larger

range of body specimens including another whole blood and

serum. Coronial, autopsy, and toxicological data (e.g.,

demographics, cause of death, drug exposure, BAC, etc.) were

obtained using the Institute’s case management system. No

decomposed cases were considered for analysis.

Ethical approvals

Permission for this research was obtained by the Research

Advisory Committee (RAC 013/13) and Human Research

Ethics Committee (EC 07/2013) of the Victorian Institute

of Forensic Medicine.

Specimens

For mortuary admission specimens, blood (and often

serum) was collected as soon as practicable after a body

was admitted to the mortuary. At autopsy, additional blood

and serum specimens from the same deceased person were

collected using the same blood drawing technique. Mor-

tuary admission blood was refrigerated (4 �C) prior to

analysis, all other specimens were stored frozen (-20 �C).

All specimens were collected in polypropylene tubes with

all whole blood specimens containing 1 % sodium fluoride/

potassium oxalate preservative. Serum was obtained by

centrifugation for 10 min at 2,4009g. Blood was collected

from the femoral region unless otherwise indicated.

Drug-free specimens were collected for instrument cal-

ibration and quality control purposes. Preserved blank

blood (10 mL samples containing 200 mg sodium fluoride

and 30 mg potassium oxalate) was obtained from a local

blood bank (Melbourne, Australia). A blank postmortem

serum was obtained from a case previously analyzed that

showed no IAA analytes. All blank specimens underwent

additional screening to ensure there were no IAA analytes

or other interferences. All blank specimens were collected

in polypropylene tubes and immediately frozen (-20 �C).

Chemicals and reagents

The details of the reference standards for the natural IAA

and reduced IAA obtained from Labor Veritas (Zurich,

Switzerland) are: IAA, so called ‘‘DCHA-Iso, ICS-I3,’’

(containing 62.3 % w/w of trans-IAA); rho-IAA (RIAA),

so called ‘‘DCHA-Rho, ICS-R2’’ (containing 65.3 % w/w

of cis-RIAA); tetrahydro-IAA (TIAA), so called ‘‘Tetra,

ICS-T2’’ (containing 99.4 % w/w of TIAA), and; hexahy-

dro-IAA (HIAA), so called ‘‘DCHA-Hexa, ICS-H1’’

(containing 65.7 % w/w of cis-HIAA).

The isotope labeled internal standard nimodipine-d7 was

purchased from PM Separations (Brisbane, Australia).

Acetonitrile (ACN), methanol, and formic acid were pur-

chased from Merck (Melbourne, Australia). Ammonium

formate was purchased from Sigma Aldrich (Sydney,

Australia). All chemicals were of analytical grade or better

and water was purified using a Milli-Q Ultrapure Water

System from Waters (Sydney, Australia).

IAA and reduced IAA analytical methodology

Natural IAA (trans-IAA and cis-IAA) and reduced IAA

(RIAA, TIAA, and HIAA) determination was performed

using a previously published UHPLC–MS/MS method that

was validated for blood analysis [5]. Briefly, the extraction

consisted of a protein precipitation of 200 lL of whole

blood using -20 �C ACN with the resulting supernatant

dried under nitrogen and the residue reconstituted with

50 lL of a mixture of eluent A and eluent B (60:40, v:v).

Preparation of stock solutions, calibration standards, qual-

ity controls, and extraction procedures were performed as

published previously [5]. Blank serum replaced whole

blood in the calibration and quality control models for the

analysis of serum casework. The availability of IAA ref-

erence standards allowed for the quantification of trans-

IAA, RIAA, TIAA, and HIAA groups. Residual cis-IAA in

the trans-IAA reference standard was used to allow for

qualitative cis-IAA results.

The cis-IAA group was unable to be quantified due to

lack of specific reference standard. However to allow for

comparisons to be made, the internal standard/area ratios of
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each cis-IAA analyte were summed to provide a total are

ratio for the cis-IAA group.

The UHPLC–MS/MS system comprised of a Shimadzu

MS 8030 quadrupole mass spectrometer (Melbourne, Aus-

tralia) operated in electrospray ionization negative mode.

A Shimadzu Nexera UHPLC system (Melbourne, Australia)

consisted of a degasser, two eluent pumps, a column oven

(30 �C) with a Kinetex C18 column (3.0 9 150 mm, 2.6 lm

from Phenomenex, Melbourne, Australia), and a chilled

autosampler (4 �C). The mobile phases consisted of

50 mmol/L aqueous:ACN (90:10) ammonium formate pH

2.8 (eluent A) and ACN containing 0.1 % formic acid (eluent

B). The flow rate of the mobile phase was 0.5 mL/min and

was degassed by the integrated Shimadzu Nexera degasser

during use. The gradient was programmed as follows:

0–0.5 min hold at 50 % eluent B; 0.5–6.0 min eluent B

increasing to 60 %; 6.0–9.5 min eluent B increasing to

75 %; 9.5–10 min eluent B hold at 75 %. Before the start of

batch analysis and before each injection, the UHPLC system

was flushed for 2 min (90 % eluent B) and equilibrated at

starting conditions (50 % eluent B) for 5 min.

For MS data evaluation, Shimadzu Postrun and Shimadzu

Browser Analysis (Melbourne, Australia) software were

used.

Statistical analysis

All statistical analysis was performed using GraphPad

Prism 5.04 from GraphPad Software (San Diego, USA).

The median, range, and population size (n) was reported

and p \ 0.05 was considered statistically significant for all

analyses.

Postmortem redistribution

To demonstrate PMR any changes in natural and reduced

IAA median concentrations between mortuary admission

(ADM) and autopsy (AUT) bloods was determined. The

median postmortem interval (time of death–time of col-

lection, PMI), median concentrations and their ranges, and

the AUT/ADM ratio were examined. The Wilcoxon mat-

ched-pairs signed rank test (p \ 0.05) was performed on

the concentrations of natural and reduced IAA in femoral

whole bloods from cases that had five or more paired

mortuary admission and autopsy specimens.

Additionally any correlation between the pre-autopsy

interval (collection time difference between mortuary

admission and autopsy specimens) and changes in IAA

concentrations for the same cases were plotted to demon-

strate if PMR was influenced by a prolonged or delayed

specimen collection. The following formula was used to

evaluate the change in concentration [%] between ADM

and AUT specimens:

Conc AUTð Þ � ConcðADMÞ
ConcðADMÞ � 100 ¼ DConc½%�

If DConc [%] [ 0 an increase in concentration was

observed between ADM and AUT blood specimens, if

DConc [%] \ 0 a decrease in concentration was observed

between ADM and AUT blood specimens.

Finally, any influence of different blood collection sites

on the concentrations of natural and reduced IAA were

assessed. Femoral and non-femoral (heart, cavity, and

subclavian) specimens were compared in paired specimens

with positive IAA groups.

Serum/blood ratios

The serum to blood ratios (S/B) for the natural and reduced

IAA groups were estimated. Comparison of whole blood

and serum specimens collected only from the femoral

region at admission to the mortuary admission were con-

sidered in order to determine if a significant difference

exists in the IAA median concentrations by utilizing a

Wilcoxon two-tailed matched-pairs test.

Results

The analysis of this authentic casework cohort provided for

the statistical examination for trans-IAA, cis-IAA, and

TIAA in most test parameters. Unfortunately, the low

prevalence of the RIAA and HIAA (n \ 5) did not allow

these IAAs to be considered. However, these three com-

mon IAA groups were largely similar in results between

each of the test parameters.

Table 1 shows the trans-IAA, cis-IAA, and TIAA

median concentrations for ADM and AUT bloods. There

was a significant difference between the specimens for

trans- and cis-IAA which had AUT/ADM ratios of 1.6 and

1.7, respectively. The median PMI (time of specimen

collection–time of death) for the natural IAA (trans- and

cis-IAA) were similar for the ADM and AUT specimens at

0.2–0.3 and 4.7–4.9 days, respectively. However, TIAA

showed no difference in median concentrations and had a

median AUT collection time approximately a day earlier

than the natural IAA group.

The influence of the pre-autopsy interval was also

examined by comparing it against the change in IAA

concentrations in the same case. This was assessed in 18,

22, and 9 cases for trans-IAA, cis-IAA, and TIAA,

respectively (Fig. 1). The pre-autopsy interval ranged up to

approximately 8.5 days with each case plotted in sequence

from lowest to highest pre-autopsy interval. The largest

DConc was approximately 1,000 %, while there were also

some cases where concentrations were considerably lower
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than at mortuary admission. Although there appears to be a

slight relationship for AUT concentrations to rise with

prolonged collection times, there were also cases where all

IAA concentrations decreased, particularly for cases col-

lected between the 3-5 days pre-autopsy interval region.

There were insufficient non-femoral (heart, cavity, and

subclavian) whole blood specimens that were positive for

IAA groups to suitably compare to matched femoral blood

concentrations. However, a single case study describes the

difference in natural IAA concentrations from multiple

bloods taken at mortuary admission and at autopsy, where

three autopsy bloods were collected from different sites

(Table 2). Redistribution was observed between bloods

collected at the same time at autopsy with 0.010, 0.010, and

0.026 mg/L trans-IAA concentrations in the femoral,

subclavian, and cavity bloods, respectively. Similar redis-

tribution of analytes was observed with the cis-IAA area

ratios. This analysis demonstrates the potential fluctuations

in IAA redistribution between specimens collected from

femoral and non-femoral blood collection sites. Following

a pre-autopsy interval length of approximately 8.5 days,

there was also a slight increase in natural IAA in the

autopsy femoral blood, when compared to the mortuary

admission.

An assessment of the trans-IAA, cis-IAA, and TIAA

median concentrations, S/B ratios and p values of cases

with both serum and blood specimens are given in Table 3.

A significant and marked difference was demonstrated

between the matched serum and whole bloods for the three

IAA concentrations and resulted in an average S/B ratio of

consistently around 3 for the analyzed IAA groups. In

addition, linear regression analysis (serum vs. blood con-

centrations) was performed on the plotted S/B ratios (data

not shown) that demonstrated a uniform trend between

matched pairs. This demonstrated that the increase in

concentrations did not show any changes in ratios over the

concentration range for the IAA groups under investiga-

tion. Moreover, there was no evidence of an inacceptable

number of outliers for any IAA group.

Discussion

This current study examines key forensic toxicology

parameters that provide a greater understanding when

Table 1 Comparison of

mortuary admission (ADM) and

autopsy (AUT) whole blood

femoral specimens for trans-

IAA, cis-IAA, and TIAA

concentrations

PMI postmortem interval

* Significant difference

(p \ 0.05) utilizing a Wilcoxon

two-tailed matched-pairs test

trans-IAA (mg/L) cis-IAA (area ratio) TIAA (mg/L)

Mortuary admission femoral blood (ADM)

Median PMI (days) 0.3 0.2 0.4

Median concentration 0.008 0.059 0.010

[min–max] [0.001–0.043] [0.010–1.114] [0.001–0.030]

Autopsy femoral blood (AUT)

Median PMI (days) 4.9 4.7 3.7

Median concentration 0.013 0.099 0.010

[min–max] [0.001–0.068] [0.008–1.105] [0.001–0.058]

Pairs 18 22 9

Ratio (AUT/ADM) 1.6 1.7 1.0

p value 0.008* 0.034* 0.844
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Fig. 1 Changes in IAA concentrations were compared to the pre-

autopsy interval (collection time difference between mortuary

admission and autopsy) in femoral whole bloods from non-decom-

posed cases that had paired mortuary admission and autopsy samples

that were positive for trans-IAA, cis-IAA, and/or TIAA

Table 2 The time and site collection dependent PMR in a 66 year

old male who died of natural causes with untraumatized body spec-

imens collected

Mortuary

admission

Autopsy

Femoral Femoral Subclavian Cavity

trans-IAA

(mg/L)

0.007 0.010 0.010 0.026

cis-IAA

(area ratio)

0.090 0.245 0.230 0.523

PMI (days) 1.1 9.6 9.6 9.6
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interpreting postmortem IAA results to confirm beer con-

sumption. In 2014, 78 % of Australians believe the country

has an alcohol problem with over 36 % of drinkers

claiming they ‘‘drink to get drunk’’ [10–12]. A previous

study has demonstrated the high prevalence of beer con-

sumption in forensic casework with over half of all alcohol

positive cases confirming beer intake prior to death [9].

This research provides additional information when inter-

preting such results.

The PMR processes during the postmortem interval can

lead to variations in drug concentrations which can affect

the way in which case results are interpreted [13–18].

Comparison of mortuary admission and autopsy blood IAA

concentrations can assist in determining the PMR phe-

nomena [19]. Generally, this study showed that the natural

IAA groups were subject to significant changes in con-

centration when femoral blood was collected on admission

to the mortuary and compared to blood taken at autopsy,

approximately 4 days later. Such fluctuations in blood drug

concentrations have been shown when bodies are stored for

long periods of time, hence the timely collection of spec-

imens is preferable [20, 21]. Furthermore, it has been

shown that PMR may occur in the early hours following

death and therefore the extent to which PMR may have

already taken place prior to the mortuary admission spec-

imen is unknown [19]. Nonetheless, specimens collected

on admission to the mortuary that are closer to the time of

death may help to minimize these changes [22, 23]. The

comparison of the pre-autopsy interval and change in IAA

concentration for each case reflected this. It appeared that

there were smaller fluctuations closer to the time of death.

However this comparison of individual cases also demon-

strated the non-uniform trend for IAA concentrations to

increase, and also decrease, throughout the PMI.

Although the bodies were refrigerated immediately upon

admission to the mortuary, generally aiding compound

stability; studies investigating the stability of drugs in a

decomposing body simulating the influence of PMI have

shown that many drugs can quickly degrade following

death [21, 24]. Long-term stability studies demonstrated

that IAA and reduced IAA at low concentrations in blood

underwent minimal degradation under refrigerated storage

temperatures [6]. While this stability study provides

information on the changes which can occur to IAA sta-

bility in a controlled environment; they cannot mimic the

considerable influence that bacteria, fungi, body trauma,

and other factors, are known to influence analyte concen-

trations following death [24–27]. Even with the possibility

of losses, the natural IAA concentrations were shown to

generally increase during body storage and exhibit PMR

with AUT/ADM ratios 1.6–1.7.

Fat tissue and skeletal muscle are possible body com-

partments which allows for substance accumulation and

therefore for the redistribution of IAA into the blood after

death [15, 16, 28]. As this is most significant in central

blood, the effects of PMR can possibly be minimalized

with the collection of peripheral (e.g., femoral) blood [17,

29, 30]. This exaggerated increase in PMR from centrally

located blood was demonstrated in one case where heart

blood natural IAA concentrations were significantly higher

than the peripheral specimens. These matched blood

specimens demonstrated the time and site collection

dependence of PMR.

Although there is no technique to measure the degree of

redistribution, it is largely accepted that PMR is magnified

for substances that collect in high concentrations in body

compartments, which are commonly lipophilic, have an

appropriate pKA, or have high volumes of distribution

(Vd), commonly greater than 3 L/kg [17, 19, 30]. A

quantitative structure–activity relationship (QSAR) model

predicted a relatively small Vd range of 0.56–0.58 L/kg for

the IAA groups [31]. However the distribution-coefficient

(logD) for IAA groups was estimated to range from

approximately 2.5–4 at pH 7.4 using a QSAR model [32]

(with equal weighting [33, 34]). These logD properties may

demonstrate the ability for IAA to collect in body com-

partments. Furthermore, the IAA groups have been shown

to diffuse across lipophilic bilayers dependent on partition-

coefficients (logP), pKa, and molecular size [35]. The

acidic IAA groups possess a pKa of approximately 3–4 and

have logP properties ranging from about 2.5–4.5 demon-

strating good lipophilicity (i.e. logP) capable of transport

across cell membranes [36, 37].

Such properties of the IAA groups demonstrate the

lipophilicity of these compounds, sufficient to explain the

elevation of the natural IAA concentrations in the heart

blood of the case study following a prolonged PMI. Further

Table 3 Comparison of serum and femoral whole blood mortuary

admission specimens of trans-IAA, cis-IAA, and TIAA

concentrations

trans-IAA

(mg/L)

cis-IAA

(area ratio)

TIAA (mg/L)

Pairs 17 19 11

Blood median 0.006 0.087 0.010

[min–max] [0.001–0.043] [0.006–0.486] [0.001–0.074]

Serum median 0.018 0.268 0.031

[min–max] [0.002–0.124] [0.034–2.840] [0.002–0.191]

Ratio (serum/

blood)

3.0 3.1 3.0

p value \0.001* \0.001* 0.001*

There was an insufficient amount of RIAA and HIAA detected to

perform analysis

* Significant difference (p \ 0.05) utilizing a Wilcoxon two-tailed

matched-pairs test
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investigation that provides in vivo data may further assist

in the interpretation of IAA PMR in casework.

This paper also compared the serum-to-blood distribu-

tion (S/B ratio) of trans-IAA, cis-IAA, and TIAA in

postmortem specimens. Whole blood and serum (or

plasma) are commonly obtained and analyzed in forensic

investigations [38]. It is well known that drugs are

unevenly distributed between the fluid and cellular phases

of blood [39]. Although whole blood has recently been

shown suitable for the analysis of postmortem and phar-

macokinetic controlled studies [7–9], detection off IAA in

serum was also found to be potentially more useful with

higher concentrations of IAA in serum compared to blood

[9]. Acidic and neutral compounds will primarily bind to

albumin that if saturated, may bind to lipoprotein [39].

Serum concentrations for IAA are also dependent on the

hematocrit value [40]. As it will not be possible to measure

hematocrit in some of the circumstances in which whole-

blood samples have been analyzed, the comparison

between serum and whole blood presented here can be used

to compare results obtained in different blood specimens.

A consistent S/B ratio of approximately 3 was shown

without any obvious outliers throughout the concentration

range observed. Serum (and plasma) to blood ratios are

commonly measured in antemortem specimens where the

integrity of the erythrocyte cell membranes are relatively

maintained. However the hemolysis of the erythrocytes in

postmortem whole blood and therefore the liberation of

intracellular water can commonly occur [40]. This may

explain the considerably high IAA and reduced IAA S/B

values. Nonetheless, such a difference in serum and blood

concentrations in postmortem casework demonstrates that

specimen matched calibration and quality control matrices

should be used when analyzing natural and reduced IAA.

In summary, this study showed that the IAA and reduced

IAA groups detected in postmortem blood and serum are

subject to postmortem phenomena such as redistribution.

These studies confirm that although postmortem concen-

trations cannot be easily compared to clinical concentra-

tions, the presented findings do provide a greater

understanding to assist interpretation of forensic casework

where the confirmation of beer is needed.

Key Points

1. IAA are subject to considerable PMR

2. There is an association between the postmortem

interval and the extent of PMR

3. There is evidence that different sites of blood collec-

tion can influence IAA concentrations

4. The serum to whole blood ratio of IAA concentration

was approximately 3:1 in postmortem blood specimens
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