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Supplementary Information 
 

Bottom-up approach to uncertainty measurement evaluation. 

 

The GUM provides a broad indication of the possible level of uncertainty associated with the method rather than a 

measurement. It does not take into account either matrix-associated errors or the actual day-to-day variation seen in a 

laboratory. 

According to the bottom-up approach reported in the GUM, in case of independent input quantities, uc(y) is given by: 
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𝜕𝑥𝑖
)
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Where y, the % THC was calculated by the following formula: 
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a and b are respectively the intercept and the slope of the linear regression equation y=a+bx; A is the chromatographic 

peak area, C is the concentration in mg/ml, Vsol is the extraction solution volume in ml and ws is the sample test weight 

in mg. 

(
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Therefore, the relative combined standard uncertainty, 𝑢̇𝑐(𝑦), was calculated as: 
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combining the contributions due to repeatability (urep), (type A evaluation), to regression curve (ureg), to THC Certified 

reference material (uCRM(THC)), to IS Certified reference material (uCRM(IS)), to sample test weight (uws), and to extraction 

solution volume (uVsol), all representing a type B evaluations on uncertainty. 

Each input component to uncertainty budget was calculated as follow. 

 

- repeatability, 

 𝑢̇𝑟𝑒𝑝 =  
𝑠𝑟 

𝑦 √𝑚
                                                                                                   (S2) 

where m is the number of analysis replicates and y is the THC(%) content; sr, as shown, is a function of THC(%); 

 

- regression curve,  

𝑢̇𝑟𝑒𝑔 =  
𝑢𝑟𝑒𝑔

𝐶𝑇𝐻𝐶 𝐶𝐼𝑆⁄
,                                                                                    (S3) 
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sy/x is the residual standard deviation (of data points from the regression line); 

m is the number of replicates on the sample,  

n is the number of calibration points (multiplied by the number of replicate measurements at each point),  

y0 is the sample test average response (areas ratio), 



𝑦̅ and 𝑥̅ are the average value of yi and xi (concentrations ratio) in the calibration set, and the summation is over all data 

pairs. 

However, we employed a modified version of this expression since the first term under the radical 1/m of the 

linear regression uncertainty equation is to be considered superfluous and was omitted to avoid double counting and 

overestimate calibration uncertainty. Indeed, as well explained by Kadis [Kadis R. Evaluation of the measurement 

uncertainty: Some common mistakes with a focus on the uncertainty from linear calibration. Journal of chromatography. A. 

2017.1499: 226-229. https://doi.org/10.1016/j.chroma.2017.03.078] the component 
𝑠𝑦/𝑥 

𝑏 √𝑚 
 in this equation characterizes the 

estimated precision from a calibration experiment, meanwhile the observed precision (estimated from replicate 

determinations) is directly included in the budget of 𝑢̇𝑐(𝑦), by the term 𝑢̇𝑟𝑒𝑝 that incorporates all the individual sources 

of variability, including that relating to calibration. 

The regression uncertainties 𝑢𝑟𝑒𝑔 refer, as the input data, to the THC and IS concentrations ratio, CTHC/CIS, (Table S1) 

nevertheless the relative regression uncertainties u̇reg are associable both to CTHC (mg/ml) and to the corresponding 

%THC. In Fig. S1 is plotted the 𝑢̇𝑟𝑒𝑔 vs THC(%), showing a potential-type relation curve, in order to extrapolate the 

estimated relative regression uncertainty for the THC concentration of our interest. 

 

Table S1  Relative regression uncertainty 

associable both to CTHC (mg/mL) and to the 

corresponding % THC.  

 

CTHC  

(mg/ml) 
THC (%) u̇reg 

0.02 0.10 0.0743 

0.04 0.20 0.0354 

0.12 0.60 0.0099 

0.25 1.25 0.0047 

0.50 2.50 0.0045 

Fig. S1 Correlation between the relative regression uncertainty and the 

THC content  

 

- THC Certified reference material: 

𝑢̇𝐶𝑅𝑀(𝑇𝐻𝐶) =  √𝑢̇𝑃𝑇𝐻𝐶

2 + 𝑢̇µ𝑝𝑖𝑝
2  

where contribution deriving from CRM purity (PTHC) and micropipettes volume (µpip) are considered. 

In turn,  

𝑢̇𝑃𝑇𝐻𝐶
=  

𝑑𝑃𝑇𝐻𝐶

𝑃𝑇𝐻𝐶 √3
, 

where dP is the value of the confidence interval for purity provided by the manufacturer; 

𝑢̇µ𝑝𝑖𝑝,𝑖 =  
√𝑢̇𝑎𝑐𝑐,𝑖

2 +𝑢̇𝑝𝑟𝑒𝑐,𝑖
2

√3
, 

that combines accuracy and precision of micropipette, which depend from the withdrawn volume.  

The factor √3 has been introduced because the assessment of the variability range for this parameter is not based upon 

statistical evaluation but on an interval characterized by two extremes out of which no value is allowed and within 

which every value is equally probable, so called “square” probability distribution. 

An average value was obtained, considering the volume range 20-500µl used for calibration points, as follow: 

𝑢̇µ𝑝𝑖𝑝 =  √
∑ 𝑢̇µ𝑝𝑖𝑝,𝑖

2𝑖
1

𝑖
, 

  

- IS Certified reference material: 

 𝑢̇𝐶𝑅𝑀(𝐼𝑆) =  √2(𝑢̇𝑤𝐼𝑆
2 + 𝑢̇𝑉𝑓𝑙

2 + 𝑢̇𝑃𝐼𝑆

2 ) + 𝑢̇µ𝑝𝑖𝑝
2  

where contribution deriving from weight (wIS), flask volume (Vfl), purity (PIS) and micropipette volume (µpip) are 

considered. IS CRM solution is used both for calibration standard solutions preparation and as sample extraction 

solution. Therefore, the first three terms affect twice the overall uncertainty. 



In turn, 𝑢̇𝑤𝐼𝑆
=  √2

𝑢𝑏𝑎𝑙

𝑤𝐼𝑆
,  

where √2 takes into account a double similar weighing, considering the tare, 𝑢𝑏𝑎𝑙 is the standard uncertainty of the 

analytical balance associated to wis, that is the IS weight; 

𝑢̇𝑉𝑓𝑙
=  

𝑑𝑓𝑙

𝑉𝑓𝑙 √6
,  

where dfl is the value of the confidence interval of the flask provided by the manufacturer and, in this case, a “triangular 

distribution” is adopted, using the factor √6. 

𝑢̇𝑃𝐼𝑆
 and 𝑢̇µ𝑝𝑖𝑝 are estimate as for THC CRM. In this case, the accuracy and precision of micropipette are those referred 

to 1000µl, used for calibration points preparation. 

 

- Sample test weight: 

𝑢̇𝑤𝑠
=  √2

𝑢𝑏𝑎𝑙

𝑤𝑠
, considering the tare as well. 

 

- Extraction solution volume: 

𝑢̇𝑉𝑠𝑜𝑙
=  

𝑑𝑝𝑖𝑝

𝑉𝑝𝑖𝑝 √3
, 

where dpip and Vpip are the values of the confidence interval and the volume of the 5ml-pipette. 

---- 

For each hypothetical legal limit in the range 0.2-1.0% of THC, the combined standard uncertainty, uc(y) = y 𝑢̇𝑐(𝑦), and 

the expanded uncertainty, U(y) = k uc (y), were calculated both for m=1 and for m=2.  

Effective degrees of freedom νeff were obtained from the Welch-Satterthwaite formula considering 𝑢̇𝑟𝑖𝑝 and 𝑢̇𝑟𝑒𝑔, that is 

taking into account only those standard uncertainty components that have been evaluated statistically from repeated 

observations (for the other type B inputs, it is possible to assume infinite degrees of freedom): 

𝜈𝑒𝑓𝑓 =
[𝑢𝑐̇(𝑦)]4

∑
[𝑢̇(𝑥𝑖)]4

𝜈𝑖

𝑁
𝑖=1

 

Expanded uncertainty is calculated using a coverage factor of 2, as νeff >10, which gives a level of confidence of 

approximately 95%. 

It is noteworthy, however, as the GUM (in section G 1.2) points out that in most practical measurement situations, the 

calculation of intervals having specified levels of confidence is at best only approximate. 

In Figure S2 we represented the % contribution of the various components to the combined Standard uncertainty. 

 

 
Fig. S2 Percent contribution of each input component to combined standard uncertainty. For each THC % content: First 

column m=1, second column m=2. 

 

 



Table S2 Comparison of uncertainty evaluations ratio values of the combined standard uncertainties estimated by both 

approaches, for one and two replicates analysis. For further comparison, a predicted standard uncertainty (uH), based on 

the predicted reproducibility standard deviation (σH), was calculated by the Horwitz equation.  

 

 

 

 

 

 

 

 

 

The values of uH were calculated by  𝑢(𝑦) = √𝑠𝑅
2 − 𝑠𝑟

2(1 −
1

𝑚
)    assuming as mentioned sR=σH. 

THC (%) 
u(y) T-D 

u(y)B-U 
uH 

   y m=1 m=2 m=1 m=2 

0.20 1.54 1.72 0.010 0.008 

0.30 1.68 1.95 0.014 0.011 

0.50 1.80 2.17 0.022 0.018 

0.60 1.82 2.22 0.026 0.020 

1.00 1.86 2.32 0.040 0.030 


