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Abstract

Aim: The study aimed to examine whether volatile substances (ethanol, isopropanol, and acetone) can be detected in
costal cartilage and also if concentrations of detected substances reliably reflect their concentrations in the peripheral
blood - the standard forensic material for toxicological analyses. Such knowledge can be useful in cases when a cadav-
er’s blood is unavailable or contaminated.

Material and methods: Ethanol, isopropanol, and acetone concentrations were determined in samples of unground
costal cartilage (UCC), ground costal cartilage (GCC), femoral venous blood, and urine. The samples were analysed by
gas chromatography (GC) with a flame ionization detector using headspace analysis.

Results: Volatile substances were detected in 12 out of 100 analysed samples. There was a strong positive correlation
between ethanol concentration in the blood and urine (r = 0.899, p < 0.001), UCC (r = 0.809, p < 0.01), and GCC
(r = 0.749, p < 0.01). A similar strong correlation was found for isopropanol concentration in the blood and urine
(r=0.979, p < 0.001), UCC (r = 0.866, p < 0.001), and GCC (r = 0.942, p < 0.001). Acetone concentration in the blood
strongly correlated only with its concentration in urine (r = 0.960, p < 0.001).

Conclusions: We demonstrated for the first time the possibility of detecting volatile substances: ethanol, isopropanol
and acetone in a human costal cartilage. Also, the study showed that higher volatiles concentrations were better deter-
mined in ground samples.

Key words: ethanol, acetone, costal cartilage, volatile substance, isopropanol, gas chromatography with a flame
ionization detector.

Introduction acetone and its minor metabolite isopropanol [3, 4].

Both compounds were reported in cases of cadav-

Cases of poisoning with non-consumable alcohol
are rare in Poland, but it can be detected during fo-
rensic ethanol analyses [1, 2]. Autopsy reports, con-
taining gas chromatography (GC) results of routine
ethyl alcohol tests, sometimes state the presence of

ers with suspected diabetes [5, 6], death from hypo-
thermia [7, 8], starvation [9], dehydration [10], and
chronic ethanol overuse [11]. A high isopropanol/
acetone ratio in the tested samples strongly indicates
the exogenous origin of isopropanol, particularly
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when it is accompanied by high levels of ethanol
[12]. In such cases, the victim most likely ingested
isopropanol by drinking alcohol of dubious origin
[1]. Isopropanol (2-propanol; rubbing alcohol), be-
sides being a component of various household solu-
tions, such as antifreeze or window cleaner [13, 14],
is also commonly used as antiseptic and disinfectant
agent [15].

Several papers describe the post-mortem distri-
bution of volatile substances in different biological
fluids and tissues, e.g. vitreous humour [16], peri-
cardial fluid and bone marrow aspirate [17], kidney
[18], liver [19], muscle [20], brain [21], and even
haematoma [22]. Because blood and other soft tis-
sues are prone to rapid post-mortem degradation,
the search for alternative post-mortem sampling
materials is extremely important.

Cartilage is a specialized type of connective tis-
sue formed by chondrocytes lying in an amorphous
matrix rich in collagen and elastic fibres [23]. Costal
cartilage connects the ribs to the sternum and allows
for rib cage flexibility. Unlike other types of cartilag-
es, which are only a few millimetres thick, the cos-
tal cartilage can reach up to approximately 1 cm in
diameter [24]. Its extracellular matrix contains col-
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lagen ITAI (COL2A1) type, aggrecan, decorin, and
biglycan [25]. In clinical procedures, sometimes it is
used for the autologous ear reconstruction [26, 27],
mentoplasty [28] and rhinotherapy [29, 30] and in
cadaveric allografts [31].

Considering the characteristics of both costal
cartilage and volatile substances, we assume that
costal cartilage could be treated as a new alternative
material for post-mortem volatile substance analy-
sis, especially in cases where blood is unavailable or
contaminated. The main purpose of this study was
to establish correlations between volatile substances
levels in the blood, urine and costal cartilage.

Materials and methods

The study was approved by the local Bioethical
Commission (decision no. KNW/0022/KB/206/18).

The samples of the costal cartilage, femoral
blood, and urine were collected during medico-le-
gal autopsies. The study group was selected from
100 cadavers with volatile substances detected in
their blood and urine (positive results for ethanol,
isopropanol, and acetone in their body fluids). The
study group consisted of 12 corpses of middle-aged

Table 1. Descriptive statistics of the concentrations of non-consumable volatile substances in the blood, urine,
and unground and ground costal cartilage samples collected from human cadavers

Non-consumable substances N Xonin X e M SD Me IQR
concentration [unit]
Ethanol
Blood (mg/mL) 12 0.00 4.93 2.55 1.39 2.72 1.91
Urine (mg/mL) 12 0.06 4.59 2.69 1.44 2.95 1.93
UCC (mg/g) 12 0.16 1.43 0.55 0.33 0.47 0.32
GCC (mg/g) 12 0.00 4.59 1.54 0.17 1.00 0.62
Isopropanol
Blood (mg/mL) 12 0.010 0.800 0.300 0.277 0.270 0.430
Urine (mg/mL) 12 0.020 0.810 0.295 0.282 0.290 0.380
UCC (mg/g) 12 0.000 0.156 0.046 0.047 0.036 0.066
GCC (mg/g) 12 0.006 0.234 0.110 0.093 0.122 0.180
Acetone
Blood (mg/mL) 12 0.020 0.410 0.157 0.131 0.140 0.215
Urine (mg/mL) 12 0.001 0.460 0.218 0.177 0.215 0.350
UCC (mg/g) 12 0.000 0.006 0.002 0.003 0.000 0.005
GCC (mg/g) 12 0.001 0.036 0.013 0.011 0.015 0.019

GCC - ground costal cartilage, IQR — inter quartile range, M — mean, Me — median, SD — standard deviation, UCC — unground costal

cartilage
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people 48.8 £ 13.0 years of age (mean * standard de-
viation) and with time from death of 6.3 (4.3-8.3)
days (median (lower quartile — upper quartile).
Other descriptive characteristics of the study group
are presented in Table I. The costal cartilage samples
(n = 12) were collected from each of the cadavers.

Sample preparation

Femoral blood and urine samples were collect-
ed as described in forensic guidelines [32]. Analyses
of ethanol, acetone, and isopropanol levels in these
samples were estimated using procedures developed
by Tomsia et al. [33].

The costal cartilage fragments (dimensions 5 x 8 cm)
were taken from the rib arches. Each sample was
divided into two subsamples that were processed
differently. For each cadaver (n = 100) we obtained
costal cartilage samples differing in the degree of
putrefaction: 1) ground costal cartilage (GCC)
and 2) unground costal cartilage (UCC). GCC was
ground in a cryogenic mill in the presence of lig-
uid nitrogen (Cryogenic Mill 6770 SpexSamplePrep
with 3 min precooling and 1 cycle of 2 min grinding
at 12 CPS). UCC was obtained by manual scalpel
fragmentation. In each case 0.2 g of costal cartilage
was analysed.

Volatile substance analysis

The headspace analysis was performed on a Fo-
cus GC gas chromatograph equipped with a Triplus
autosampler, flame ionization detector (Thermo
Fisher Scientific, Inc., USA) and Rtx°*~-BAC2 col-
umn (30 m x 0.53 mm ID X 2.0 um) (Restek Corp.,
USA). The oven temperature sequence program was
45°C (5 min), 45-80°C (10°C/min), 80°C (1 min).
The injector and detector temperatures were 200°C
and 250°C, respectively. The carrier gas was helium
(5.0 mL/min), and t-butyl alcohol was used as an in-
ternal standard. The validation procedures for isopro-
panol and acetone analysis in GCC and UCC were
done the same way as the validation procedure for
ethanol presented in the study by Tomsia et al. [33].

Statistical analysis

Distribution of variables was evaluated by
the Shapiro-Wilk test and quantile-quantile plot.

The interval data were expressed as a mean value
+ standard deviation in the case of a normal dis-
tribution or as a median (lower — upper quartiles;
Me [Q;; Q,]) in the case of a skewed or non-normal
data distribution. To determine the relationship be-
tween quantitative variables, ordinary least square
regression was carried out. Statistical significance
was set at p < 0.05, and all tests were 2-tailed. The
agreement between the 2 methods of costal carti-
lage preparation (GCC, UCC) was analysed using
Bland-Altman analysis. The results are presented as
the mean differences between the 2 compared meth-
ods, and the 95% confidence intervals (95% CI) for
these differences. Statistical analysis was performed
using Statistica v. 13.3.0 (TIBCO Software Inc.).

Results

We detected the presence of isopropanol and ac-
etone in 12 out of 100 samples analysed for the pur-
poses of this study. The detailed descriptive statistics
of ethanol, isopropanol, and acetone concentrations
in various sampling materials are presented in Table I.

The results of concentrations of volatile substanc-
es obtained for blood samples were treated as a ‘gold
standard;, according to all available guidelines, so we
could easily compare the results obtained for other
forensic materials.

The ethanol concentration in the blood positive-
ly correlated with its concentration in other forensic
material (urine: r = 0.899, p < 0.001; UCC: r = 0.809,
p < 0.01; and GCC: r = 0.749, p < 0.01) (Table II,
Fig. 1 A, B). A 1 mg/mL increase in blood ethanol
content corresponded to 0.936 mg/mL increase in
urinary ethanol concentration, whereas the cor-
responding values for UCC and GCC were lower:
0.193 mg/g and 0.634 mg/g, respectively.

Ordinary least square regression explained up
to 80.8% of the change in ethanol concentration in
urine and up to 65.4% and 56.1% of the ethanol con-
centration in UCC and GCC, respectively.

The isopropanol concentration in the blood also
positively correlated with its concentration in other
tested forensic samples (urine: r = 0.979, p < 0.001;
UCC: r=10.866, p < 0.001; GCC: r=0.942, p < 0.001)
(Table II, Fig. 2 A, B). A 1 mg/mL increase in blood
isopropanol content corresponded to a 0.996 mg/mL
increase in urinary isopropanol concentration, but
only to a 0.146 mg/g and 0.315 mg/g increase in
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Table II. Analysis of univariable ordinary least square regression for ethanol, acetone, and isopropanol con-
centrations in the blood vs. their concentrations in urine and costal cartilage prepared with unground costal

cartilage and ground costal cartilage methods

Concentrations of blood non- Biological matrices b SE (B) r p

consumable volatile substances

Ethanol Urine 0.936 0.143 0.899 < 0.001
UcCcC 0.193 0.044 0.809 < 0.01
GCC 0.634 0.177 0.749 < 0.01

Isopropanol Urine 0.996 0.065 0.979 < 0.001
uccC 0.146 0.027 0.866 < 0.001
GCC 0.315 0.035 0.942 < 0.001

Acetone Urine 1.299 0.119 0.960 < 0.001
UCcC 0.011 0.005 0.549 0.064
GCC 0.045 0.023 0.524 0.080

B — regression coefficient, SE (B) - standard error for the regression coefficient, r — Pearson’s linear correlation coefficient, UCC — unground

costal cartilage, GCC — ground costal cartilage

UCC and GCC, respectively. The linear regression
method explained up to 95.8% of the change in iso-
propanol concentration in urine, up to 75.0% and in
UCC, and up to 88.7% in GCC.

Regarding the acetone concentration in different
forensic materials, its concentration in the blood
correlated only with its concentration in urine
(r = 0.960, p < 0.001) (Table II). For the UCC and
GCC method, we only observed a tendency toward
statistical significance: p = 0.064 and p = 0.080, re-
spectively (Fig. 1 E, F).

The ordinary least square regression model
showed that for the costal cartilage ethanol concen-
tration (UCC and GCC), the blood ethanol con-
centration was the only factor that was statistically
important. The same was confirmed for isopropanol.
We found that no statistically significant correlation
exists between acetone concentration in blood and
GCC and UCC costal cartilage. The only statistically
significant variable reflecting acetone concentration
in the blood was its concentration in urine (Table II).

The results of linear regression and agreement
analysis for ethanol, isopropanol, and acetone con-
centrations in costal cartilage samples (n = 12) pre-
pared using 2 different methods are presented in
Figure 2.

The linear regression analysis showed that the
results of ethanol and isopropanol concentrations
obtained using the GCC method closely correlat-
ed with the results obtained with the UCC method
(ethanol: = 0.905 and isopropanol: *= 0.705). For

acetone, the linear regression analysis showed the
average correlation between the results obtained
with GCC and UCC method (r*= 0.310).

The ethanol, isopropanol, and acetone concen-
trations measured in GCC samples were higher than
those measured in UCC samples by 0.6064 mg/g,
0.0638 mg/g, and 0.0110 mg/g, respectively.

The Bland-Altman analysis showed that the
mean difference for UCC-GCC for ethanol con-
centration analysis is statistically different from the
0 value (p < 0.05) (Fig. 2 B). However, the one data
point outside of the 95% confidence interval in Fig-
ure 2 B draws attention. The difference it represents
probably does not result from a measurement error
but represents instead a random factor. After re-
peating the analysis without this extreme value, the
mean difference for UCC-GCC was -0.374 £ 0.122
(mean + SD), which was different from the 0 value
(p < 0.001). The shape of the correlation indicates
that the ethanol concentrations obtained using the
GCC method are higher than those obtained us-
ing the UCC method. Additionally, the higher the
ethanol concentration in the sample, the greater the
difference in results obtained using GCC and UCC
methods. The uniformly scattered data on Figure 2 D
indicate no correlation between mean isopropanol
concentration measured using UCC and GCC
methods and the difference between UCC and GCC
methods. It shows that the designated confidence
interval limits (-0.1795, 0.0519) are uniform for the
entire measurement range. All data points lie within
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Fig. 1. The ordinary least square regression model for the relationship between the concentration of volatile
substances in the blood and their concentration in costal cartilage samples prepared using 2 different me-
thods (unground costal cartilage — UCC, ground costal cartilage — GCC): A, B — ethanol, C, D — isopropanol,
E, F — acetone. Legend: the red line represents regression line, dashed lines indicate 95% confidence intervals
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Fig. 2. The ordinary least square regression model (A, C, E) and Bland Altman plot (B, D, F) for the concen-
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the 95% CI range, which means that the observed
differences result from the measurement errors. The
same situation was observed for acetone concentra-
tion measurements (Fig. 2 F). The mean difference
between the results for the UCC and GCC methods
does not statistically differ from the 0 value both for
isopropanol and acetone measurements.

Discussion

Post-mortem analyses performed by the aca-
demic department of forensic medicine show that
the numbers of tests positive for the presence of iso-
propanol, classified as an ethanol substitute, have
substantially increased in recent years. This phe-
nomenon is probably related to the large quantities
of spirits contaminated with isopropanol that have
been sold illegally [34]. Forensic reports prepared
for legal authorities sometimes state that not only
ethyl alcohol but also toxic levels of other impurities
may be responsible for sudden death. The medico-
legal practice also indicates that prolonged exposure
to relatively small amounts of volatiles, like isopro-
panol, may be equally dangerous [35]. That is why
researching different volatile substances in biolog-
ical material, both standard and alternative, is so
important.

Based on the analysed literature, or rather the
lack of it compared to other tissues, costal cartilage
is one of the neglected and underestimated alterna-
tive materials in forensic science. Usually it is used
to predict a cadaver’s age, either by using comput-
ed tomography [36], estimating the ossification rate
[37], or by using differences in its pigmentation [38].
New research has attempted to use costal cartilage
to predict post-mortem interval basing on the ex-
tracellular matrix macromolecules degradation, but
it seems to require further investigation [39]. More
successfully, Siriboonpiputtana et al. have demon-
strated that costal cartilage can serve as an alterna-
tive source for DNA typing in personal identifica-
tion, and it enables faster and more cost-effective
DNA isolation than hard tissues [40].

So far, the costal cartilage has not been included
in forensic medical and toxicological guidelines for
ethanol and volatile level analysis, even though it is
confirmed that the penetration of xenobiotics into
cartilage occurs (most probably through the peri-
chondrium and intercostal veins) [41]. Our statis-

tical analysis indicates a strong positive correlation
between ethanol levels in the blood and UCC sam-
ples (r=0.809, p < 0.01) or GCC samples (r = 0.749,
p <0.01). We found a similar strong correlation for
isopropanol (blood vs. UCC: r = 0.866, p < 0.001;
blood vs. GCC: r = 0.942, p < 0.001). Regarding
acetone, no statistically significant correlation was
found for acetone concentration in the blood and
costal cartilage in both forms. It is probably related
to the low concentrations and the small number of
samples tested. The Bland-Altman analysis showed
a high similarity between the UCC and GCC meth-
ods, which suggests that it would be possible to
develop reliable analytical methods for analysis of
volatile compounds in unground and GCC samples.
The major self-limitation of this study is the low
number of tested samples, so it should be treated only
as a preliminary report, and further studies are re-
quired. Considering all of the above, we conclude that
it is possible to successfully and reliably determine
ethanol and isopropanol levels in both unground and
GCC samples. We also think that costal cartilage may
serve as a reliable biological material for forensic tox-
icology and may allow reliable determination of the
concentration of volatile substances. We are aware that
costal cartilage sampling has its limitations because,
in the case of fresh corpses, material preparation is
time-consuming and requires the use of a cryogenic
mill. However, we support the idea that costal carti-
lage may be used in post-mortem cases where blood is
unavailable or contaminated, and that this possibility
expands sampling options in forensic science.

Conclusions

In this study, we demonstrated for the first time
the possibility of detecting volatile compounds: eth-
anol, isopropanol, and acetone, in human costal car-
tilage. The comparison of the 2 methods of costal
cartilage preparation showed a high similarity of the
results obtained using the UCC and GCC method.
However, our results showed that high concentra-
tions of volatile substances were better determined
in GCC samples. We suggest that further investi-
gations on post-mortem redistribution of volatile
substances in costal cartilage might be important
for future diagnostic applications, especially in cases
where costal cartilage is the only material available
for forensic toxicological analysis.
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