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1. Introduction

A total of 29,700 cases of driving under the influence of drugs (DUID) has been registered in
Germany in 2009 [1]. In these cases, a blood sample is regularly taken by a medicinal
practitioner, which may cause a significant delay. Hence, the blood concentration may no
longer reflect actual impairment. Roadside sampling is considered to be most advantageous
over blood collection at the police office.

Furthermore, forensic investigations are often performed on whole blood; it is well known
that drugs are unevenly distributed between the fluid and cellular phases of blood [2-5]. Thus,
directly comparing results from blood to plasma or serum concentrations derived from phar-
macokinetic studies is difficult. Especially in case of concentrations being close to legal limits
or at the upper or lower therapeutic range may result in major implications.

The knowledge of blood/serum (B/S) ratios might help to interpret and evaluate results de-
rived from whole blood. B/S ratios are influenced by the concentration of the analyte itself
and the hematocrit value [4; 6]. In addition, B/S ratios determined from in vitro studies might
differ from B/S ratios derived from authentic blood and corresponding serum samples.

Dried blood spots (DBS) are routinely used in neonatal metabolic screening for over two dec-
ades, and have recently established themselves as a valuable tool in therapeutic drug moni-
toring (TDM) [7-12]. Usually, a DBS sample is collected from finger tip or heel punctures.
Despite of a limited sample size of 10-100 pL blood, analysis of DBS specimens has become
feasible with the advent of increasingly sensitive mass spectrometry technologies [13]. DBS
can be stored at room temperature and shipped by regular mail, in contrast to whole blood or
plasma specimens. Use of DBS is an appropriate method to reduce virus infection risk to a
minimum which is a major concern handling samples of drug users [14; 15]. In addition, the
use of DBS makes labile compounds such as ester type drugs less susceptible to
degradation [14]. Being readily accessible also in subjects with limited venous access, such as
e.g. injecting drug users, it represents a less invasive alternative to taking of a blood sample.
Since DBS sampling can be performed by non-medical personnel, DBS might be a valuable
tool for roadside sampling. With respect to all these advantages, DBS might be a useful
alternative to common blood samples within the field of forensic toxicology.

2. Aims

The first goal that has been pursued was to determine the B/S ratios of dexamphetamine,
3,4-methylenedioxymethamphetamine (MDMA), morphine, hydromorphone, fentanyl, oxy-
codone, risperidone, alprazolam and zopiclone from corresponding authentic samples inclu-
ding major metabolites. Secondly, all analytes were determined from DBS to prove whether
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analysis from this matrix is as reliable as that from whole blood. Both serum and DBS were
directly prepared from the whole blood sample (Fig. 1). Zopiclone being unstable in biologi-
cal samples, a follow-up stability study was performed also including stress conditions and
monitoring formation of 2-amino-5-chloropyridine (ACP) in whole blood and DBS.

Fig. 1 Making up of a sample set for establishing
blood/serum ratios and proving equivalence of
DBS and blood analysis

3. Material and Methods

Sample sets (Fig. 1, whole blood and corresponding serum and DBS) from subjects were pro-
vided by several European institutions participating in the European DRIUD project. Blood
samples were collected in the course of driving experiments either from healthy volunteers
after ingestion of drugs (dexamphetamine, MDMA, alprazolam, zopiclone) or from patients
on their regular medication (opioids, risperidone). Study protocols were approved by the par-
ticular local Ethics Committees, and subjects provided informed consent prior to participa-
tion. Participants were instructed to prepare DBS specimens by spotting 100 pL blood onto
custom-made devices of Whatman #903 filter paper.

All analytes including major metabolites (3,4-methylenedioxyamphetamine (MDA), norfen-
tanyl, noroxycodone and 9-hydroxyrisperidone (9-OH-risperidone) were determined by LC-
MS/MS from either blood, serum or DBS by establishing or modifying analytical assays fol-
lowing validation. Validation was performed for each matrix and analyte according to the cur-
rent guideline of the GTFCh [16] thus allowing a direct comparison of validation parameters
between blood, serum and DBS. Analytes were isolated from the different matrices either by
solid phase extraction (hydromorphone) or liquid/liquid extraction (all other analytes). For
details regarding analytical procedures see references [16-18].

Mean B/S ratios, their standard deviation (SD) and range were estimated for each analyte. In
addition, B/S ratios were graphically investigated to prove whether they are dependent on the
analyte concentration within the respective concentration range. Lines representing the mean
B/S ratio and +1.96 SD (95% confidence interval) were added to the plot of the B/S ratios vs.
the blood concentration. Ninety five % of all ratios are expected to lie within the respective
confidence interval. In addition, linear regression analysis was performed (serum vs. blood
concentrations).

Paired student’s t-test was used to compare mean whole blood and DBS concentrations of
each analyte. In addition, whole blood/DBS (WB/DBS) ratios as well as their relative stan-
dard deviations (RSD) were calculated. Statistical approaches to describe the relationship
between DBS and whole blood measurement were linear regression, Bland-Altman diffe-
rence, mountain and scatter plots as well as Passing-Bablok regression [19-21].

Stability of zopiclone was investigated in whole blood and corresponding DBS using freshly
drawn, spiked blood (50 and 250 ng zopiclone/mL). In addition, degradation in authentic
specimens (n = 10) was studied using whole blood samples from the DRUID study, which
were thawed before allocating and preparation of corresponding DBS. Aliquots of 100 uL
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spiked or authentic blood as well as respective DBS were stored at -20, 4, 20 and 40°C over a
time period up to 30 days.

To study formation of ACP from zopiclone, a spiked blood sample (250 ng zopiclone/mL
blood) and matching DBS were stored at 20°C over a time period of eight days. Further de-
tails are given in reference [18].

4. Results
4.1. Validation data
Validation parameters for all assays (serum, blood, DBS) met the criteria of the GTFCh

guideline [22]. Validation data for the determination of zopiclone following liquid/liquid
extraction with toluene/isoamyl alcohol (95:5 by vol.) are given in Table 1 as an example.

Tab. 1. Validation results for zopiclone measurement in serum, whole blood and DBS. RSD: relative
standard deviation; LOD: limit of detection; LOQ: limit of quantitation; R: coefficient of correlation.

Validation parameter Concentration [ng/mL] Serum  Whole blood  DBS
10 -1.9 -3.4 -1.0
Inaccuracy [RSD%]
50 -1.0 22 -0.8
Within-run imprecision 10 23 33 2.5
[RSD%] 50 3.3 3.8 2.0
Between-run imprecision 10 4.5 4.2 6.0
[RSD%] 50 4.8 3.8 4.2
, 10 82.4 68.5 86.2
Matrix effect
50 80.7 80.8 91.8
. . 10 943 89.3 87.1
Extraction efficiency
50 92.7 79.2 78.9
. 10 77.7 61.2 75.1
Process efficiency

50 74.8 64.0 72.4
LOD 0.3 0.3 0.1
LOQ 1.2 1.0 0.3

Linearity 2.5-50 ng/mL, y=0.02270x+0.00808, R=1.000

Table 1 clearly shows a decrease of the matrix effect when using DBS. Extraction efficiencies
were slightly lower in DBS than in whole blood or serum but did not result in higher limits of
detection or quantitation. Nevertheless, an increase of process efficiency could be noticed for
DBS compared to whole blood.

4.2. Blood/serum ratios

Table 2 gives an overview on the ranges of B/S ratios, their means, medians and RSDs. In
addition, linear regression analysis (B/S ratios vs. blood concentrations) revealed correlation
coefficients exceeding 0.92 for all analytes except for zopiclone (R = 0.855). Plotting B/S
ratios against corresponding blood concentrations did not show any trend of the ratios over
the particular concentration range for all analytes under investigation; there was no evidence
of an inacceptable number of outliers for any analyte.
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Tab. 2. Statistics of the blood/serum ratios of all analytes. n: number of the blood and serum samples.

Analyte n Range Median Mean RSD [%]
Dexamphetamine 29 0.65-1.14 0.89 0.89 10.9
MDMA 36 0.74-1.46 1.16 1.17 10.4
MDA 29 0.95-3.02 1.63 1.69 32.1
Morphine 7 0.96-1.07 1.02 1.03 34
Hydromorphone 15 0.91-1.22 1.00 1.04 8.1
Fentanyl 13 0.62-1.02 0.91 0.87 14.0
Norfentanyl 13 1.03-1.29 1.22 1.19 6.8
Oxycodone 12 1.29-1.76 1.49 1.48 8.2
Noroxycodone 12 1.28-2.09 1.81 1.73 13.5
Risperidone 10 0.56-0.71 0.66 0.65 7.5
9-OH-Risperidone 14 0.61-0.91 0.73 0.73 12.3
Alprazolam 28 0.69-0.93 0.82 0.81 7.4
Zopiclone 45 0.66-1.29 0.86 0.89 16.1

4.3. Comparison of whole blood and DBS analysis

Results from whole blood and DBS were analyzed using WB/DBS ratios in addition to
statistical and graphical method comparison. The number of samples as well as the particular
mean and range of WB/DBS ratios are given in Table 3.

Tab. 3. Number of samples (n), blood/dried blood spot concentration ratio (WB/DBS) ranges, mean
ratios and RSD of all analytes under investigation.

Analyte n WB/DBS range WB/DBS mean RSD [%)]
Dexamphetamine 29 0.87-1.07 0.95 54
MDMA 36 0.92-1.09 0.99 2.9
MDA 32 0.80-1.18 0.98 6.4
Morphine 7 0.99-1.05 1.01 23
Hydromorphone 15 0.92-1.16 1.01 6.7
Fentanyl 13 0.84-1.11 1.01 7.9
Norfentanyl 13 0.96-1.19 1.04 6.2
Oxycodone 12 0.91-1.02 0.98 34
Noroxycodone 12 0.95-1.12 1.00 4.6
Risperidone 10 1.03-1.17 1.07 3.7
9-OH-Risperidone 14 0.97-1.10 1.04 4.6
Alprazolam 28 0.80-1.09 0.98 6.3
Zopiclone 45 0.82-1.59 1.19 15.6

The mean WB/DBS ratios of all compounds except zopiclone were within a range of
0.95-1.07, their RSDs spread from 2.3 to 7.9 %. For zopiclone, the mean WB/DBS ratio was
1.19 with a RSD of 15.6 %.
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Additional statistical analyses such as the t-test, Bland-Altman difference-, mountain- and
scatter plots as well as Passing-Bablok regression analysis were performed to evaluate
equivalence of measurement between whole blood and DBS. Dexamphetamine and zopiclone
were used as examples exhibiting the most and less accurate equivalence, respectively, bet-
ween the two matrices (Table 4, Fig. 2A and B).

Tab. 4. Results of whole blood and DBS measurement analysis for dexamphetamine and zopiclone, P-
B-regression: Passing-Bablok regression.

Test Criterion Dexamphetamine Zopiclone
t-test meanyy,q = Meanpgs no no
Bland-Altman- mean difference -1.03 3.99
difference plot expressed as % of meanyyoq -5.01 15.29
Mountain plot median difference [ng/mL] -1.05 3.11
expressed as % of meanyeoq -5.10 11.92
Scatter plot regression coefficient 0.9879 0.8558
P-B-regression 95 % CI of slope includes 1.0 yes yes
95 % CI of intercept incluces 0.0 yes yes
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A o P 150 1 °F .
15 - 1254 _ _ . _ ... _._ e e e
< 1001 — 10.0 1 - e .
E 754 E 751 . .
o =) . .
£ 50 £ 50 et
‘é’ 25 1 @ 254 PERORKEEEY
------- -, = = = = = o= == - = = o= o= -
a 00 ey s * 2 00 . MR
= 25 4 '_ - _.’_‘_ o_‘ _____ ~—= == 2 254 o L. P M
-5.0 - -5.0
75 , , , , , 75 , , , , ,
0 10 20 30 40 50 0 10 20 30 40 50
Mean [(WB+DBS)/2] [ng/mL] Mean [(WB+DBS)/2] [ng/mL]
B Dexamphetamine Zopiclone
)1 . 60 -
50 - : 50 - 1
L 2 *
L —_— ¢ o
T 40 | ofo ! R 40 1 YIRS
— ol * *
2 ole 2 RIERA
£ 307 S 5 >0 S IR
o | o o . * .
5 20 - Sl s 20 - c Te
a . . o .. *
* 1 e ... z
10 4 . . 10 - o« %
* * * L) *
0 - — ; ; ; : 0 hd * . ; ; . LI
8 4 0 4 8 12 16 -8 4 0 4 8 12 16
WB-DBS [ng/mL] WB-DBS [ng/mL]

Fig. 2. A: Bland-Altman difference plot of dexamphetamine and zopiclone. Solid black lines: mean
difference of whole blood and DBS concentrations; dotted black lines: the limits of agreement set to
mean *+ 1.96 x SD; dotted grey lines: 95 % confidence intervals of the limits of agreement.

B: Mountain plot of dexamphetamine and zopiclone, respectively. Grey lines: 2.5 % and 97.5 %
percentile, respectively; dotted black lines: optimum median value of zero; solid black lines: median
difference of whole blood and DBS concentrations.
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It is obvious and supported by statistical and graphical analyses that measurement of dex-
amphetamine from DBS more closely agrees to that from whole blood compared to zopiclone.
This may be caused by zopiclone’s instability in biological samples. Therefore, a follow-up
stability study was carried out in order to investigate degradation of zopiclone in spiked and
authentic whole blood and DBS specimens.

4.4. Stability of zopiclone in corresponding whole blood and DBS samples

Generally, degradation of a compound increases with increasing temperature and time. In
both spiked and authentic samples breakdown of zopiclone occurred faster in fluid blood than
in corresponding DBS. In spiked samples, stability did not differ between low and high con-
centration levels.

The initial concentration of zopiclone in authentic blood samples averaged 20.1 ng/mL
(11.5-26.9 ng/mL). Adapting the 15% degradation criterion of Nowatzke and Woolf [23],
stability could be assured in frozen authentic whole blood samples for 15 days. After 30 days
of storage at -20 and 4°C the mean initial concentration had decreased by 22 % and 52 %,
respectively. At 20°C, more than 15 % of zopiclone had disappeared on day 3; after 8 days,
only 15 % of the initial concentration could be detected. The analyte was not detectable in
samples stored at 40°C for the same period of time, and had decreased by more than 15%
already within one day. In corresponding DBS, 89, 84, 73 and 58 % of the initial mean
concentration were still detectable after storage at -20, 4, 20 and 40°C for 30 days. It can be
concluded that zopiclone is stable in authentic DBS for 30, 22, 8 and 3 days when stored at
-20, 4, 20 and 40°C, respectively.

In the 3" part of the study, 25 % and 87 % of the initial zopiclone concentration could be de-
termined in whole blood and DBS, respectively, on day 8 at 20°C. ACP was formed from
zopiclone in equimolar amounts in both media as shown in Figure 3.
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Fig. 3. Zopiclone degradation and ACP formation in spiked whole blood and DBS at 20°C.

5. Discussion

The present B/S ratios are widely in line with those reported in literature (Table 5) as far as
available. Distribution ratios are generally derived from in vitro partition experiments where
plasma water, plasma proteins and red blood cells are pooled. Some caution is advisable using
these data. When spiked blood is diluted with autologous plasma water, erythrocytes may dis-
charge the compound over proportionally compared to plasma proteins.
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Tab. 5. B/S ratios of all analytes under investigation compared with literature data, as far as available.
n.a.: not available; determination of the B/S ratio from specimens containing racemic amphetamine.

Analyte Concentration range B/S ratio; Published value  Reference
[ng/mL serum] mean =SD [%)]
Dexamphetamine 12.2-41.1 0.89 +0.10 0.91" [5]
MDMA 0.6-388.6 1.17 £0.12 1.16 [2]
MDA 0.9-13.5 1.69 £0.54 1.27 [2]
Morphine 85.7-468.9 1.03 £0.04 1.02 [24]
Hydromorphone 2.4-19.7 1.04 +0.08 1.35 [25]
Fentanyl 0.2-8.7 0.87 +0.12 1.01 [26]
Norfentanyl 0.07-1.82 1.19 £0.08 n.a. n.a.
Oxycodone 11.6-89.8 1.48 £0.12 n.a. n.a.
Noroxycodone 11.0-71.1 1.73 £0.23 n.a. n.a.
Risperidone 1.7-36.8 0.65 £0.05 0.67 [27]
9-OH-risperidone 4.9-46.5 0.73 +0.09 n.a. n.a.
Alprazolam 3.1-27.5 0.81 +£0.06 0.80 [28]
Zopiclone 11.9-50.4 0.89 £0.14 1.0 [29]

Generally, concentration ratios between blood and plasma may vary from 0.5 to 2.0 such as
e.g. for phenytoin and maprotiline, respectively [15].

Published ratios of dexamphetamine, MDMA, morphine, risperidone and alprazolam could be
confirmed. Differences between published and present B/S ratios could be observed for
MDA, hydromorphone, fentanyl as well as for zopiclone. For norfentanyl, oxycodone, nor-
oxycodone and 9-OH-risperidone, no such data exists.

In case of MDA, B/S concentration ratios scattered over a wider range compared to that of a
study published by Garcia Boy et al. [2]. The lower limit of detection and serum values of the
published data being significantly higher than those determined in the present study, this re-
sult is not unexpected. In relation to the small number of samples exceeding the lower limit of
detection, the B/S ratio determined by Garcia Boy et al. [2] allows a rough estimation but
should not be considered for a direct conversion.

For hydromorphone and zopiclone, published data significantly differ from B/S ratios deter-
mined in the present study. Parab et al. [25] published a considerably higher B/S ratio of 1.35
for hydromorphone. Also, the respective ratio of zopiclone given by Bramness et al. [29] dif-
fers from the present ratio. Unfortunately, neither Parab et al. [25] nor Bramness et al. [29]
provide any information on the determination of B/S ratios. However, knowledge on the con-
centration range and if ratios have been determined from spiked, authentic or even post-
mortem samples is a major prerequisite for applying such data.

Bower and Hull [30] investigated the distribution of fentanyl between erythrocytes and
plasma. The erythrocyte/plasma ratio has afterwards been cited as a blood/plasma ratio, irre-
spective of the significant difference between packed erythrocytes and whole blood. Packed
erythrocytes were suspended in aqueous buffer thus not taking the protein binding of fentanyl
in whole blood into account. Erythrocytes cannot be completely separated from whole blood
sample by centrifugation whereby about 3.4-3.9 % of the total volume will remain as plasma
between the erythrocytes [31]. Therefore, a comparison of the present value with that of
Bower and Hull [30] will be meaningless.
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The present B/S ratios being all derived following therapeutic dosages or administration of
rather low amounts of drugs should cautiously be applied if highly dosed or toxic blood con-
centrations have to be evaluated.

DBS provide numerous advantages over conventional blood samples concerning collection,
risk of infections, sample shipping, storage and analyte stability. Therefore, DBS might also
be beneficial in the field of forensic toxicology. First of all, however, it has to be investigated
if DBS analysis is in agreement with whole blood analysis for forensically relevant analytes.
In the present study equivalence of whole blood and DBS methods could be proven for dex-
amphetamine, MDMA and MDA, morphine, hydromorphone, fentanyl and norfentanyl, oxy-
codone and noroxycodone, risperidone and 9-OH-risperidone as well as for alprazolam.

WB/DBS ratios of all drugs except zopiclone indicate equivalence between whole blood and
DBS analyses. In addition, graphical analysis of the data which is given for dexamphetamine
and zopiclone (Fig. 2A and B) shows that results from whole blood and DBS did not
significantly differ.

The advantages of DBS analysis have already been shown for cocaine [14], benzoylecgo-
nine [32], and morphine [33]. Furthermore, Schiitz et al. [34] were able to reconstruct the
chronology of drug intake and accident analyzing blood stains from the particular vehicle.

A zopiclone WB/DBS ratio of 1.19 indicates an underestimation of results obtained from
DBS compared to those from whole blood. This is supported by a mean difference of
3.99 ng/mL, which can be deduced from Bland-Altman analysis (Tab. 4). A likely explana-
tion is that whole blood samples had been stored at -20°C prior to analysis, whereas DBS had
been kept at ambient temperature. Degradation of zopiclone to 2-amino-5-chloropyridine may
have occurred during storage according to the scheme given in Fig. 4 [35].
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Fig. 4. Hydrolysis of zopiclone and formation of 2-amino-5-chloropyridine as a stable final product

To investigate the influence of storage time and temperature on the degradation of zopiclone
in both whole blood and DBS a follow-up stability study has been performed. The results ob-
served for spiked blood samples are in line with previously published data by Nils-
son et al. [36] where degradation of zopiclone increases with increasing temperature and time.

Irrespective of the storage condition and whether spiked or authentic blood had been ana-
lyzed, it is evident that stability of zopiclone is enhanced using DBS instead of conventional
blood (Fig. 3). A storage temperature of -20°C was the sole exception, where no significant
difference between stability in whole blood and DBS could be observed. The water content in
DBS is definitely lower and may therefore reduce degradation of zopiclone. The higher de-
gradation rate in whole blood reflects that use of DBS is appropriate to stabilize zopiclone. In
previously published reports, degradation of forensically relevant analytes prone to hydrolysis
in whole blood such as cocaine or benzodiazepines could also be slowed using DBS [37].
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In the last part of the stability study, it could be shown that ACP was formed from zopiclone
in an equimolar amount not only in blood but also in DBS, suggesting that zopiclone under-
goes hydrolysis only. Estimates of the mass balance for both whole blood and DBS at each
assigned time largely coincide and can be ascribed to the initial concentration of zopiclone.
Hence, it can be concluded that zopiclone is predominantly degraded to ACP, and hydrolysis
is suggested as the exclusive degradation pathway of the drug in whole blood and DBS. These
results are in line with those published for whole blood by Nilsson et al. [36], who also ob-
served that ACP is formed from zopiclone in a stoichiometrically balanced reaction.

6. Conclusion

The B/S ratios determined in the present study are widely in line with literature data, as far as
available. In addition, inter-subject variability could be estimated. Knowledge of these ratios
and their range is mandatory to valuably compare drug concentrations measured either in
whole blood or plasma and to reliably interpret results derived from whole blood analysis in
forensic cases.

DBS assay has potential as a precise and inexpensive option for the determination of
amphetamine-type drugs, opioids, risperidone and 9-hydroxyrisperidone and alprazolam using
a small blood volume. WB/DBS ratios were very close to 1.00, except zopiclone which is
prone to degradation.

A separately performed stability experiment could prove that zopiclone is more stable in DBS
than in whole blood stored under the same condition. The degradation product ACP should be
determined simultaneously to enable a rough estimation of the actual zopiclone concentration
in either DBS or whole blood.

From the present results it can be concluded that DBS are not only beneficial in neonatal
screening or TDM but may also valuably be employed in forensic toxicology.
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