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Highlights

« Monte Carlo simulation reveals a 7.0% risk of false negatives in the emergency department (ED)
« Optimal quality goal for intra-ED sampling is set at 134 minutes (95% reliability)

« Acceptable and minimum performance goals are 214 and 273 minutes, respectively

«  Every 1% increase in assay imprecision erodes the forensic window by 3 minutes

«  TheIndex of Logistic Reliability (ILR) validates transport forensic performance

Abstract

Introduction: In the emergency department (ED), the turnaround time (TAT) for forensic blood alcohol sampling is a critical determinant of legal
admissibility. Due to the pharmacokinetics of ethanol, delays in sampling lead to metabolic decay, potentially resulting in pharmacokinetic false ne-
gatives (FNpk). This study aims to establish objective, evidence-based quality goals for intra-ED TAT using Monte Carlo simulation to preserve forensic
reliability.

Materials and methods: Data were collected from 121 forensic cases at a major metropolitan university hospital in 2025. A Monte Carlo simula-
tion (N = 50,000 iterations) was performed to model the probability of FNpk based on ethanol elimination rate (), analytical imprecision (CV), and
extra-ED versus intra-ED TAT components. Probability density functions (PDFs) were fitted using Weibull and Gamma distributions to characterize
observed clinical and logistical data.

Results: The simulation revealed a baseline P(FNpk) of 7.0% for the intra-ED phase, increasing to 7.6% when including extra-ED transport. Quality
goals were derived for three tiers: optimal (TAT,,,) at 134 minutes, acceptable (TAT,) at 214 minutes, and minimum (TAT, ,.) at 273 minutes.
Regression analysis showed that for every 1% increase in assay CV, the TAT quality goal erodes by 2.7 to 3.3 minutes. The logistic process was found
efficient, with an Index of Logistic Reliability (I, ;) of 86.4%.

Conclusions: Monte Carlo simulation effectively translates pharmacokinetic variables into actionable forensic quality goals. Current ED performan-
ce requires process improvement, particularly in the request-transmission phase, to minimize FN, and ensure forensic equity.
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Introduction
In the high-pressure environment of the emergen-  suspected drink-driving or substance-facilitated

cy department (ED), timeliness is synonymous  crimes, timeliness is critical during the intra-ED
with life-saving care. However, in cases involving preanalytical phase for blood samples collected
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for forensic purposes. Indeed, together with the
integrity of the chain of custody (CoC), the rapidity
in blood sampling preserves the significance of
the toxicological evidence and thus is inextricably
linked to the “legal admissibility” in judicial pro-
ceedings (1).

Central to monitoring this efficiency is the turna-
round time (TAT). Traditionally defined as the in-
terval from the initial diagnostic request to the fi-
nal validation of results, TAT serves as a primary
key performance indicator (KPI) for laboratory and
emergency services (2). In the forensic context, the
narrow window for specimen collection dictated
by the pharmacokinetics of ethanol and other
drugs entails shortest TAT for avoiding altering evi-
dence due to delay.

To drive process improvement through KPIs, or-
ganizations must establish clear quality goals and
performance specifications (3). Within the ED,
however, there is a notable absence of objective
benchmarks specifically tailored for forensic sam-
pling. To bridge this gap, an evidence-based mod-
el is required to define the relationship between
pharmacokinetic variables and statistical metrics
of timeliness, such as the median and the 95th
percentile of TAT.

This study is a second part of a two-part investiga-
tion and directly builds upon the empirical evi-
dence established in Part | (4). In the preceding ep-
idemiological paper, a retrospective analysis of 115
forensic cases demonstrated that the median in-
tra-ED preanalytical turnaround time was 139 min-
utes. Crucially, this workflow velocity remained ex-
ceptionally stable and unaffected by operational
stressors such as emergency department over-
crowding, shifts, or weekends, suggesting a fixed
or potentially “degraded” operational baseline.
When factoring in transit delays from the scene of
the accident, the overall median preanalytical lag
reached 204 minutes.

To translate these descriptive findings into action-
able clinical and legal quality goals, the present
study utilizes the exact data parameters and struc-
tural definitions derived from the Part | cohort.
Specifically, the empirical probability density func-
tions (PDFs) describing serum alcohol concentra-
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tions at admission (SACp), intra-ED logistical inter-
vals (TAT, ...), and extra-ED transit timelines (TAT,,_
wa) are extracted directly from Part I's dataset to
ground our simulation in real-world clinical behav-
ior. By merging these real workflows with estab-
lished kinetic behaviors of ethanol metabolic de-
cay and assay imprecision, this work aims to exe-
cute a Monte Carlo simulation. The objective is to
define precise math-driven quality goals for timeli-
ness, establishing clear thresholds where the prob-
ability of a pharmacokinetic decay of the sample is
minimized to safeguard the legal admissibility of
forensic evidence.

Materials and methods
Materials

The data used for this simulation were collected
from January 1st to December 31st, 2025, at the
Azienda Ospedaliero-Universitaria Policlinico Um-
berto | of Rome (ethical committee approval on
laboratory data retrospective analysis
nr.0518/2024). They pertain to drivers involved in
road accidents for whom forensic toxicological
testing was requested, in compliance with the pro-
visions of the Italian Highway Code (Codice della
Strada). All the specimens were collected and pro-
cessed in the CoC. Data were presented and dis-
cussed in Part | of this series (4).

The blood alcohol values used in this study refer
to serum alcohol concentration (SAC), in accord-
ance with forensic sample screening procedures
performed using the enzymatic method with the
alcohol dehydrogenase (ADH) reagent, as de-
scribed in Part | (4). To this regard, according to the
Italian Highway Code, as sample testing SAC < 0.5
g/L is considered legally “negative”, and under-
gone no further confirmatory analysis by head-
space-gas chromatography (HS-GC), except for
the novice drivers (driving license < 3 years) for
whom it is applied the zero-tolerance.

Methods

General principle

The objective of a Monte Carlo simulation is to
characterize the behavior of an unknown output
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variable Y based on N uncertain input variables X .
Given a general functional model:

Y =1f(X;, Xy X)) (Equation (Eq.) 1)
the simulation generates synthetic data to approx-
imate the probability density function (PDF) of Y.
The process begins by defining the deterministic
relationship between variables and assigning a
specific PDF to each input X. During each of the N
iterations, a stochastic value is sampled for each
input form the PDF and propagated through the
model to calculate a point value for Y. Collectively,
these N iterations constitute the empirical realiza-
tion of Y. If N is sufficiently large (e.g., N >10,000),
the resulting empirical distribution converges to-
ward the true PDF of the output.

Simulation model

If SAC, and SAC, are two concentration values
measured at a time interval t from each other, then
for SAC, > 0.21 g/L and a known elimination rate (3,
the relationship can be expressed as:

SAC, =SAC,- (B x1) (Eq. 2).
If SAC, = SAC_,;, is the concentration value at the
time of the event of interest (e.g., the car accident)
and SAC, = SAC, is the concentration value meas-

ured at the ED, then t = TAT, and we can write:

SAC;=SACep — (BXTAT)  (Eq, 3a).

crit

Since SAC, is subject to measurement error € due
to analytical imprecision (represented by the coef-
ficient of variation, CV) of the assay, the term must

be adjusted for each simulation iteration “i” as fol-
lows:
SACepi) = SACep; - (1-Zx CV)  (Eq.3b).

where SACg; is the i-th simulated value of SACg,
Z represents the standard normal deviate, ie., a
Gaussian distribution with a mean of 0 and unit
variance (corresponding to a given level of proba-
bility). See Appendix A for further explanation.

Similarly, TAT can be adjusted for the i-th simula-
tion by decomposing into an extra- (TAT_ . .) and

extra
an intra-ED (TAT;,,,) component, namely:
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P(FN,,[TAT|) =

TAT =TAT + TAT, (Eq. 3¢).

total(i) extra(i) intra(i)

Hence, it follows that:
SACcrit(CV, = [SACED(i) X(1-ZxCV)]+
[B x TAT,

extra(i)

+ TATlntra(l ] (Eq 3d)

Probability of false negatives

Given L as the legal limit for alcohol intoxication
(LLI), the i-th subject with a SAC greater than L at
the moment of blood sampling in the ED is de-
fined as:

SACep(cy,y <L (Eq. 4).
However, an individual with SAC greater than L at
the time of the event is defined by Eq.3 as:

SAC ity iy = SACepcy, iy T By X TAT gpa1) = L

(Eq. 5).

Therefore, an individual rendered “negative” due
to an extended TAT satisfies both Eq. 4 and Eq. 5,
by definition. Thus, for a pharmacokinetic false
negative (FN,,,), we can write:

= (B X TATiotai) < SACepcy,y <L (Eq. 6).

The conditional probability of an FN, can then be
calculated as the ratio of subjects who were for-
merly positive but are currently negative to the to-
tal number of subjects who were formerly posi-
tive:

PR (I (B X TATyota1)) < SACepcy, iy < L)

otal(i)

s I(SACep) + (B X TAT grai) = L

(Eq. 7).

The function I(...) represents the indicator func-
tion, which returns 1 if the condition within the
brackets is met and 0 otherwise. Obviously, the
term TAT can be treated according to Eq. 3c.

To provide an objective assessment of FN_,, a pre-
defined acceptability threshold (a) can be estab-
lished:

P(FN,|TAT)) < @ (Eq. 8).

Biochem Med (Zagreb) 2026,36(3):030704
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Quality goal of turnaround time

If C, = C,,.q is @ known or assumed population
characteristic (e.g., blood alcohol by roadside
breath testing) and C, = L, the quality goal for TAT
can be defined based on the “erosion” (metabolic
degradation) of ethanol measured in the ED sam-

ple:

Crona— L
TAT, = —24 (Eq. 9a).

To account for the analytical imprecision of the
measurement method in the ED, Eq. 9a can be
modified by incorporating the CV, as seen in Eq.
3b:

[Lx(1T+kxCV)] C..q-L
T ATL(CV) road B _ roadB

(Eq. 9b).

In this case, the random Z is replaced by a constant
k, chosen to represent a specific coverage proba-
bility for L to provide a “protected” LLI (L, ). This
serves as a safety threshold to ensure that - net of
instrumental error - the subject’s SAC (or BAC) is
truly above the legal limit (see Appendix B for fur-
ther details).

Since Eq. 9b represents the total TAT from the time
of the event to the completion of sample collec-
tion, it includes both extra-ED and intra-ED time.
Therefore, if the PDF of the extra-ED TAT is known,
it follows that:

prot

C -L
road prot TAT

extra B - extra

(Eg. 90).

TAT,

intra

=TAT ¢y, — TAT

Based on Eq. 9¢, quality specifications can be de-
rived from the percentiles of the generated TAT
distribution. Consequently, the p-th percentile
represents the maximum allowable time to pre-
vent C_, from eroding below the legal threshold
for 100 x (1-p)% of subjects:

TATgoal,intra = P (TATL(CV i) TATextra |)) (Eq- 10)-

Alternatively, to represent the worst-case scenario
(i.e., considering subjects with the highest meta-
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bolic degradation rate), the 95th percentile of
can be used in place of the stochastic value:

( Croad(i) I-prot _TAT

95th

TATgoaI 95th,intra — P,-

p extra(i) )

(Eq. 10b)

Consequently, quality goals can be directly de-
rived from the 5th (optimal or TAT,,), 20th (ac-
ceptable or TAT,,,), and 40th (minimum or TAT, )
percentiles of the TAT o, Specifically, the p-th per-
centile represents the TAT value ensuring that 100
x (1-p)% of the C_, distribution remains above
the limit L at the time of ED sampling. This value
also corresponds to a threshold C,_, value, which
represents the minimum concentration guaran-
teed to avoid the risk of FN

Benchmark of extra-ED turnaround time

If TAT,,, and C,,4 are known, based on Eq. 93, an
Index of Logistic Reliability (I ;) can be derived rel-

ative to the average logistic quality:

TAT

extra(i) )

TATL(CV, i)

1
LR:NZ:L (1- (Eqg. 11).

As shown, | ; > 0.5 indicates an efficient logistic
service, as at least 50% of TAT ., is available to
the ED to complete blood sampling. Conversely,
|z > 0.5 indicates logistic inefficiency, as transport
leaves less than 50% of TATL(CV) for blood sam-
pling. Notably, if TAT,,,,, is so delayed that it ex-
ceeds TAT| ), then | ¢ < 0.In such cases, a logistic
failure occurs because the patient arrives at the ED

when the alcohol level in blood is already below L.

Finally, given Eq. 11, the probability of logistic suc-
cess (P ) can be calculated as follows:

Npos
i Il g > w)

Npos

2 I(Croad > L)

(Eqg. 12).

This index returns the probability that the TAT,, .
is short enough to leave at least 100 x w% of the
TAT ¢y to the ED personnel to complete the blood
sampling before the concentration falls below

I‘(CV)‘
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Probability density function estimation

To model the SACy, TAT, ., TAT .., we utilized
3-parameter Lognormal, Weibull, and Gamma dis-
tributions. These specific PDFs were selected to
accommodate the positive lower bounds and long
right tails characteristic of the observed data. The
optimal PDF fit was determined by minimizing the
sum of squared differences (55Q) between the em-
pirical and calculated 5th, 10th, 25th, 50th, 75th 9Qth

percentiles, as defined by:

)
SSQuin = Zpego.0s,....090(diff ) (Eqg. 13).

To ensure the distributions respected physical and
physiological constraints, a minimum threshold 6)
was assigned during parameter optimization. For
PDF of SAC,p,, 6 = 0.21 g/L to represent the transi-
tion between zero- and first-order kinetics, ac-
counting for a 15% inherent overestimation in SAC
measurement (1.15 x 0.18 g/L = 0.21 g/L). Based on
empirical evidence, the thresholds for the PDF of
TAT, .., and the PDF of TAT_,,.., were set at 6 > 60
and 6 > 30 minutes, respectively.

Conversely, the PDF of 3 was directly modeled us-
ing a Normal distribution based on established lit-
erature, with a mean (p) of 0.15 g/L and a standard
deviation (SD) of 0.03 g/L (5). The PDF of C__ dis-
tribution was modeled using a truncated Normal
distribution, consistent with established literature
on roadside alcohol control (6,7). The parameters
were adjusted to yield a SAC with p = 1.6 g/L
(equivalent to 1.36 g/L BAC), with a SD = 0.30 g/L
and 6 = 0.30 g/L (0.26 g/L BAQ).

Statistical analysis

Fitting of PDFs and Monte Carlo simulations were
conducted using Microsoft Excel 2013 (Microsoft
Corporation, Redmond, USA), using Visual Basic
macros (which can be provided as add-ins on re-
quest). All simulations were performed with N =
50,000 iterations, for CV = 5% and L = 0.5g/L.

The temporal erosion rate of the TAT quality goals
relative to the assay CV was determined using or-
dinary least-squares (OLS) linear regression. To
generalize this relationship across different tiers,

https://doi.org/10.11613/BM.2026.030704

each quality goal dataset (TAT,,, TATg,,, and
TAT, ) was normalized via zero-centering. Specifi-
cally, the calculated intercept was subtracted from
each observed value to force the regression
through the origin (i.e., setting the intercept c = 0).

Results

For the 2025 calendar year, the total caseload con-
sisted of N = 121 forensic toxicological cases per-
formed under chain of custody. The epidemiologi-
cal characteristics of this cohort have been previ-
ously described in Part | of this study (4). From this
total, N = 39 (32%) cases were selected based on a
SAC, = 0.21 g/L. Figure 1 illustrates the stratifica-
tion of SAC, and intra-ED TAT relative to sample
selection. Regarding the estimation of PDFs, Table
1 summarizes the fitting results.

Analysis of the deciles for the estimated SAC,, PDF
(with © =0.21 g/L) revealed a sub-optimal fit in the
left tail of the distribution - the region most signifi-
cantly associated with the generation of FN.
Consequently, a compromise was applied by set-
ting © = 0.15 g/L. This corresponds to approximate-
ly 0.13 g/L after adjusting for SAC bias - a value
where the elimination constant is roughly 80% of
the ADH saturation point - resulting in an SSQ =
0.028957 (8). Final parameter details are provided
in Table 2.

Based on the parameters in Table 2, Monte Carlo
simulations indicate a P(FN,,,) = 7.0% when consid-
ering TAT, ., alone, and P(FN,) = 7.6% when in-
cluding TAT_,... Figure 2 shows the impact of CV
values ranging from 2% to 25% on P(FNpk).

The quality goals obtained assuming a legal posi-
tivity limit of 0.541 g/L (after adjustment for a CV
of 5% uncertainty) are shown in Table 3. Figure 3
depicts the correlation between TAT, . and
P(FN,,) for a subject whose SAC,,, is unknown at
the time of ED admission.

roa

Regression analysis indicates that for every one-
percent increase in assay CV, the TAT quality goal is
reduced by approximately 2.7 to 3.3 minutes. This
variability depends on whether the calculation is
based on the 95th percentile of the ethanol elimi-
nation rate (Bys, = 0.2 g/L/h, a fixed value repre-

Biochem Med (Zagreb) 2026,36(3):030704
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FiGcugre 1. Distribution of serum alcohol concentration (SAC) and turnaround time (TAT) of data selected for Monte Carlo simulations
(shaded bars) and excluded data (white bars), based on the eligibility threshold of SAC > 0.21 g/L; panel “A” shows SAC values across
the dataset and panel “B” of TAT values, measured in minutes, categorized by the same SAC threshold.

TasLE 1. Best fit of probability density functions

TaBLE 2. Parameters of fitted probability density functions

Variable LOS(’;SO (;r)nal “{:23;" G(asrgg;a Variable Distribution location scale shape
SAC;, 0.168050 0.036837 0.073868 SAC, Weibull 0.15 1431  1.808
TAT, ... 159.0934 1575233 143.5628 TAT, ... Gamma 654 52912 1319
TAT 20.64071 9.151448 8.955764 TAT, Gamma 30 13.766  1.591

extra

extra

SSQ - sum of squared differences. ED - emergency
department. SAC,, - serum alcohol concentrations at

ED - emergency department. SAC., - serum alcohol

concentrations at admission. TAT, . . - intra-ED turnaround

admission. TAT, ... — intra-ED turnaround time. TAT_,. - time. TAT_,,, - extra-ED turnaround time.
extra-ED turnaround time.
9
g
wv
.GEJ 8 ] — Lt -
® —
o —_
() -—
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g 7 — —
&
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(=]
>
£ 6 4 TATtotal
s :
3 = = TATintra
e
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FiGuRE 2. Effect of assay imprecision, measured as the coefficient of variation (CV), on the probability of pharmacokinetic false nega-

tives (P(FN,,)). P(FN,,,) was calculated based on either the intra-emergency department turnaround time (TAT,

bined intra- and extra-ED TAT (TAT,

otal)'
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TasLE 3. Quality goals for the intra-emergency department turnaround time calculated for subjects with rapid elimination kinetic

(Bgsyy,) OF random population value (B, 4astic)

Level of protection (%) Minimum serum alcohol at the TAT, . (minutes)
Quality goal . scene (SAC,_ s 9/L) protected
against FN road
from I:Npk l‘;95!‘h Bstochastic

50 1.61 298 375
Minimum (TAT,,,) 60 1.53 273 342

70 1.45 245 306
Acceptable (TATg,,) 80 1.35 214 266

90 1.22 169 213
Optimal (TAT,,) 95 112 134 171

929 0.91 65 89

FNpk -pharmacokinetic false negative, i.e. a subject which is negativized by the prolonged waiting for the blood sampling in
the emergency department. TATintra - intra-ED turnaround time. A legal limit of intoxication of 0.5 g/L adjusted for analytical

imprecision of CV = 5% (final value 0.541 g/L) was applied.

25 -

20 s
--+:-- 95th Percentile
15
------- Stochastic e

10 A

200 250

Probability of false negatives (%)

Turnaround time (minutes)

FiGure 3. Relationship between the probability of false nega-
tives (P(FNpk)) and the intra-Emergency Department turn-
around time, calculated against a legal limit of alcohol intoxi-
cation of 0.5 g/L and an assay imprecision of 5% (TAT ). The
graphic shows how short the TAT, ¢, needs to be to ensure a
given P(FN,). P(FN,) was calculated based on either the sto-
chastic value (open circles) or the 95th percentile (open trian-
gles) of the distribution of the elimination rate () of ethanol.
The horizontal dotted line represents P(FN ) = 5%.

senting rapid metabolizers) or the stochastic pop-
ulation elimination (representing the random vari-
ation around the population mean P .qic = 0.15
g/L/h). This relationship is illustrated in Figure 4.
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FiGure 4. Effect of assay imprecision, measured as the coef-
ficient of variation (CV), on the temporal erosion of the turn-
around time (TAT, ...) quality goal, calculated against a legal
limit of alcohol intoxication of 0.5 g/L and an assay imprecision
of 5%. Temporal erosion (measured in minutes) was calculated
based on either the stochastic value (open circles; Yo pastic =
0.15 g/L/h) or the 95th percentile (open triangles; By, = 0.2
g/L/h) of the ethanol elimination rate () distribution. Linear re-
gression analysis reveals that for any TAT goal, there is a tem-
poral erosion ranging from - 2.7 to - 3.3 minutes for every one-
percentage-point increase in assay imprecision, depending on
whether B is used to simulate a random individual (the stochas-
tic value) or a rapid metabolizer (the 95th percentile of {3).

Regarding the efficiency of the extra-ED TAT
phase, the | = 86.4% (Figure 5). Therefore, based
on a minimum target | ; of 70%, the P = 96.6%.
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I .= 86.4%

70%

FiGuRre 5. Graphical representation of the Index of Logistic Reli-
ability (I z). The full circle represents the average time elapsed
from the car accident—the moment the subject was putative-
ly positive - to the point of negativization relative to the legal
limit of alcohol intoxication (LLI) of 0.5 g/L. The dark-gray shad-
ed area indicates the time window available to perform blood
sampling in the emergency department (ED) following the sub-
ject’s arrival at the hospital. The dashed white line represents
the acceptability threshold of | ; = 70%.

Discussion

The Monte Carlo simulation provides a robust
framework for defining objective quality goals of
timelines in forensic testing for drink-driving. Nu-
merical simulations become indispensable when
experimental evidence is neither ethical nor prac-
tically feasible. This makes them an essential tool
in the investigation of extra-analytical quality,
where outcome studies - while highly desirable for
producing high-value information to define quali-
ty goals - remain extremely difficult to implement
(9,10).

By modeling the stochastic nature of ethanol
pharmacokinetics and the analytical uncertainty
of the laboratory assay, we have translated TAT
into measures of forensic reliability. Therefore, TAT
is not merely a KPI of efficiency but a critical deter-
minant of legal admissibility. This completes the
characterization of the reliability paradigm for fo-
rensic procedures in medical emergency settings,
alongside preanalytical procedures and assay ro-
bustness (11,12).

The simulation analysis of epidemiological find-
ings from Part | revealed that P(FN ) was as much
as 7.0% when considering the intra-ED phase

Biochem Med (Zagreb) 2026;36(3):030704

alone and increased marginally to 7.6% when the
extra-ED phase was included. This suggests that
approximately one in thirteen drivers, despite be-
ing above the legal limit at the time of the inci-
dent, may test negative at the time of sampling
due to metabolic decay. We may consider this re-
sult satisfactory if we assume an arbitrary goal of
5% (recalling Eq. 8), although there is no evidence
in the literature establishing such a value as an ob-
jective quality goal.

Thus, to drive process improvement through truly
objective criteria, we defined three tiers of quality
goals for the TAT, . . based on SAC, ,, data from a
population of drivers whose blood alcohol con-
tent was known through roadside controls. In this
manner, ED performance is calibrated against the
specific composition of the individuals potentially
prompting a CoC. For the evaluation of ED perfor-
mance, we compared these goals with the 95th
percentile calculated for the TAT, . .. While this
percentile is certainly more representative of exe-
cution performance, it is also more susceptible to
the influence of extreme values, given that the TAT
PDF is strongly right-skewed. Consequently, fur-
ther investigation is warranted to assess the stabil-
ity of different percentiles relative to their ability to
represent process performance, particularly re-
garding P(FN_,).

Notwithstanding, our current 95th percentile of
294 minutes observed in Part | (95% Cl: 271-320
minutes) rests entirely between the TAT,,, and
the TAT,,,. We can therefore state that our perfor-
mance falls within an acceptability range that
guarantees coverage of a SAC, _, of at least 1.53
g/L, which is slightly above the median of 1.48 g/L
observed in Part I. This figure appears as accept-
able as a SAC of 1.53 g/L in the ED was certainly
higher at the time of the incident, that is SAC, .
However, it must be recalled that in our case se-
ries, 7.4% of subjects had a SAC between 0.1 and
0.5 g/L and 64.5% had values below 0.1 g/L. There-
fore, bearing in mind that the logic of this “protec-
tion” is to ensure that operating within such a
maximum TAT, . _ (i.e,, the 95th percentile) guaran-
tees an 80% to 60% probability that a random
subject remains above the legal limit at the time of
sampling, it is evident that a significant portion of
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the observed negatives are likely false negatives. It
must be also considered that under the most strin-
gent quality goal parameters, our performance
significantly exceeds the minimum acceptable
TAT,,,, Of 273 minutes. Therefore, process im-
provement is clearly necessary.

To develop an improvement plan, the TAT, . . strat-
ification from Part | (Table 1) indicates that the
most actionable phase is the transmission of the
request for CoC testing. This phase alone can ac-
count for up to nearly 150 minutes, which is likely
to be merely a waiting time for almost 50% of CoC
of drink-driving cases that are represented by low-
er-severity triage codes. Importantly, establishing
these quality goals does not imply that forensic
sampling should ever compete with active medi-
cal resuscitation. Patient care and stabilization re-
main the absolute ethical and clinical priorities in
the ED. Instead, these performance benchmarks
target systemic, administrative bottlenecks - such
as the request-transmission phase - which often
leave stable, lower-severity patients waiting un-
necessarily, thereby inadvertently degrading vital
forensic evidence.

Regarding the extra-ED phase, another part of po-
tential improvement, our benchmark indices show
that with an ILR of 86.4%, patient transport con-
sumes less than 20% of the “metabolic time” to
reach L. Thus, the ED has over 80% of the available
time to perform the blood draw before the sub-
ject tests negative. If we set a minimum quality
goal for transport at an | ¢ of 70%, the P ¢ of 96.6%
indicates that the transport process is fully capable
of meeting this requirement. These data align well
with the 0.6 percentage point increase in P(FNpk)
observed when adding TAT_, . to TAT, .., objec-
tively excluding the logistical process from the pri-
mary improvement path.

A key advantage of numerical simulations is the
ability to model diverse clinical and analytical sce-
narios, which enabled us to investigate the rela-
tionship between TAT and the assay CV. Our re-
sults demonstrate that higher CV values necessi-
tate shorter sampling times to maintain an equiva-
lent level of forensic certainty. Indeed, the CV acts
as a “hidden delay” that erodes the quality goal by

https://doi.org/10.11613/BM.2026.030704

raising the ‘protected’ LLI or, equivalently, by blur-
ring the measured SAC. Given an erosion rate of
2.7 to 3.3 minutes for every one-percent increase
in CV, a 2% CV (typical of chromatographic meth-
ods) offers no substantial advantage over the 5%
CV afforded by modern, fully automated ADH as-
says. In contrast, a 10% CV reduces the TAT quality
goals by approximately 30 minutes across all tiers,
while a 20% CV results in a nearly 60-minute re-
duction. Beyond the analytical uncertainty intro-
duced by the assay CV, the model is similarly sensi-
tive to individual metabolic variations, particularly
in the “worst-case biological scenario” of rapid
clearers simulated by the 95th percentile of the
elimination rate (B,,,). As shown in Table 3, when
shifting from a stochastic population distribution
(Mgtochastic = 015 g/L/h) to a rapid clearance rate
(Bgsy, = 0.20 g/L/h), the allowable time window to
capture evidence shrinks significantly from 171 to
134 minutes. This explicitly demonstrates how an
increasing [3 compounds the “hidden delay” of an-
alytical error and drastically escalates the P(FNpk).
These findings are of particular relevance given
that current regulations do not distinguish be-
tween the clinical and forensic applications of en-
zymatic ADH assays (12). Indeed, even though the
enzymatic ADH testing is not acceptable for foren-
sic confirmation due to its known limitations, nev-
ertheless, establishing strict operational timelines
remains vital to safeguard the reliability of the ini-
tial screening phase within the clinical laboratory
framework before eventual chromatographic con-
firmation (12).

The critical need for workflow timeliness is further
amplified by regional legal frameworks. In coun-
tries like Italy, retrograde extrapolation (back-cal-
culation) is judicially inadmissible, meaning that a
delayed sample cannot be legally reconstructed.
Consequently, any screening result where SAC <
0.5 g/L is strictly dismissed as legally negative and
is not sent for confirmation, unless a zero-toler-
ance policy applies. Conversely, in jurisdictions
where retrograde extrapolation is permitted,
achieving a rapid intra-ED TAT remains scientifical-
ly vital. Ensuring the blood draw occurs before the
blood alcohol levels decay into non-linear elimina-
tion kinetics SAC < 0.21 g/L is a prerequisite for ex-
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ecuting a mathematically valid and safe back-cal-
culation.

Concerning the limitations of this study, as a simu-
lation its power primarily depends on the good-
ness-of-fit of the PDFs to the observed data. Given
the relatively small sample size, the accuracy of
the PDF modeling may have been constrained,
particularly within the left tail of the distribution
where P(FNpk) cases originate. Consequently, the
defined quality goals may lack perfect centering.
To address this concern, it must be noted that
P(FN,,) and TAT quality goals do not necessarily
coincide. The reason is that these two measures
approach the same issue from opposite perspec-
tives. Specifically, P(FN,,) is a backward estimation
based on “aftermath” data; at this stage, it is diffi-
cult to determine which samples falling below the
LLI (especially if also below the limit of quantita-
tion) were originally positive but turned negative
due to waiting times. Conversely, quality goals are
established via forward calibration on the actual
population expected during roadside controls -
the population most likely to generate CoC events.
The same applies when considering the difference
between P(FN,) calculated on TAT, . and TAT,,,
respect to the | .. Therefore, the suggested strate-
gy is to use P(FNpk) as a starting point to evaluate
the forensic reliability of the ED and subsequently
rely on calibrated quality goals once the popula-
tion has been characterized for prediction.

Finally, a fundamental limitation of the present
study concerns its single-center retrospective de-
sign and the specific dataset used to configure the
simulation model. While the Monte Carlo frame-
work incorporates a massive number of stochastic
iterations to capture analytical and physiological
variability, the underlying PDFs are fundamentally
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Appendix A. Mathematical modelling of true value through relative imprecision

The standardized difference between a measurement X and its true value p is given by:

7= XoH (Eq. A1)
SD 4
from which we derive the formula for the error €:
X-p=ZxSD (Eq. A2)

If SAC,, is the measurement obtained with a given error €, then by virtue of Eq. A2, we can write:

Assuming the error derives from the imprecision expressed by the coefficient of variation (CV), we have:

SD
Cv= — SD =SAC, x CV
SACED ED (Eq A4)

By substituting Eq. A4 into Eq. A3, we obtain:
true(SACgp) = SACep - Z X (SACgp X CV) = SACp x (1-Zx CV) (Eq. A5)
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Appendix B. The “protected” true value and derivation of measurement
uncertainty

Since Z in Eq. A1 is a stochastic variable, it follows a probability distribution where positive and negative
values are equally likely. Consequently, the estimated true(C,) may be either greater or less than the ob-
served Cp. Accordingly, Eq. 3¢ estimates the actual prevalence of blood alcohol concentration (i.e., ‘How
many subjects were physically positive?’), accepting that the instrument may have either overestimated
or underestimated the values.

However, to determine how many subjects would have passed a rigorous legal inspection (i.e., ‘how many
were legally positive?’), it is necessary to adopt a ‘conservative’ or ‘protected’ estimate for true(Cp). This
approach specifically aims to minimize the risk of C., falsely overestimating the true value. Hence, Eq. A5
is modified by replacing the random variable Z with a fixed coverage factor, k. This constant k is selected
based on a specific confidence interval to account for measurement uncertainty. Under these conditions,
the relative expanded uncertainty (U, ) is defined as:

(k x SD) (Eq. B1)

U =kxCV=
rel SACED

The term U__, can be converted into absolute expanded uncertainty U by recalling Eq. A4:

rel

U,y X SACgp=kx CV=U (Eq. B2)

rel
Therefore, substituting Eq. B2 into Eq. A5 it follows that:
true(SACgp) = SACy X (14 U, )= SACp+ U, X SACp=SAC,+ U (Eq. B3)
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